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Abstract

Flat-plate solar collectors are crucial in Borehole Thermal Energy Storage systems for bridging the gap
between renewable energy supply and consumer heat demand. Because most studies rely on idealized models,
this work develops a Python-based transient mathematical model of a "solar collector—heat exchanger" system
using energy balance equations and real commercial SchiicoSol collector specifications. With this verified
model, a parametric and sensitivity analysis (x20%) evaluated how daily efficiency is impacted by optical
efficiency, heat losses, heat exchanger transfer coefficient, fluid mass flow rate, and ambient temperature.
Results demonstrate that ambient temperature, optical efficiency, linear heat losses, and heat exchanger
characteristics most significantly influence efficiency. These findings quantitatively assess the impact of
design and operating parameters, offering practical recommendations for designing and optimizing real
seasonal thermal energy storage systems.

Keywords: solar collector, borehole thermal energy storage (BTES), seasonal thermal energy storage
(STES), heat exchanger, modeling, optical efficiency.

B.)K. A6nymnaesa’, A.P. Epanuesa?, T.E. Amamxkonos?, M.C. Tynraraposa', JI.E. Aiixkysos!
'Kazaxckuii HaIMOHATBHBIH UCCIEI0BATENbCKHI TEXHUIECKHI yHuBepcuteT umenu K. . Carnaesa,
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AHAJIN3 YYBCTBUTEJIBHOCTHU 2@ ®EKTUBHOCTH NJIOCKOI'O COJTHEYHOI'O
KOJIUIEKTOPA BI'TA K KOHCTPYKTUBHBIM U OKCIINIYATAITMOHHBIM
INAPAMETPAM

AnHomayus
[ImocKkuii CONHEUHBIM KOJUICKTOP SBISETCS KIFOUEBBIM DJIEMEHTOM CHCTEM TPYHTOBOTO TEILJIOBOTO
AKKyMYJUPOBaHMsI, HEOOXOAMMBIX JISI KOMIICHCAIMH IHcOamanca MEXITy MOTPEOUTEThCKIM CIIPOCOM Ha
TEIUIOBYIO SHEPrut0 uis Hyxn otomienus u ['BC u mpemiokeHHMeM SHEPTUU U3 BO30OHOBIISIEMBIX
WCTOYHHUKOB. BwImomHasIs cOOp CONHEYHOW OJHEPrud, KOJUICKTOP 3HAYHUTEIHHO BIWSET Ha OOIIyIO
3¢ (HeKTUBHOCTH BCel CUCTEMBI. [10CKOJIbKY OOJIBIIMHCTBO UCCIICIOBAHUN OTIMPACTCS HA UACATU3UPOBAHHbBIC
MOJIeTIH, B JJaHHOU pabote pa3paboTaHa HecTallMOHApHAs MaTEMaTHYeCKas MOJAENb CUCTEMBI «COTHEYHBIN
KOJUISKTOp — TeII00OMEHHHUK» Ha 0a3e ypaBHeHMi OaiaHca >Hepruu. Mopenb peanm3oBaHa B Python c
7



https://doi.org/10.51889/2959-5894.2026.95.3.001

BECTHUK Ka3HIIY um. Abas, cepus « PQusuxo-mamemamudeckue naykuy, Ne3(95), 2026 a.

WCIIOJIb30BAHUEM XapPaKTEPUCTHUK PEAIbHOTO MPOMBINUIEHHOro KoyuiekTopa SchiicoSol. Ha ocnHoBe
BepU(UIIIPOBAHHOMN MO/IENN BBEITIOTHEHBI TAapaMETPUUIECKOE UCCIIEIOBAHNE U aHAIN3 TyBCTBUTENEHOCTH (£20
%) BmusHus ontudeckoro KIIJ, TermmoBwlx moreph, ko3 dUIMEHTa TEIoNnepeayd TeII000OMEHHUKA,
pacxoia TEIUIOHOCUTENIE W TEeMIIepaTypbl cpeibl Ha CYTOYHYH 3((EKTHBHOCTH. YCTaHOBJICHO, YTO
Hau6onbpmee Biussaue Ha KII/] oka3siBaroT Temnepatypa cpensl, ontrdeckuii K1/, muaelinbie Temmonotepn
W XapaKTepUCTHKH TEeTUNIOOOMEHHHKA. Pe3ymbTaTbl MO3BOMSAIOT KOJWYECTBEHHO OLEHUTH BIHUSHHE
KOHCTPYKTHUBHBIX U PEKUMHBIX MapaMeTPOB M CPOPMYIHPOBATH PEKOMEHAAIMU IO MPOCKTUPOBAHUIO U
ONITUMU3AINH PEANBbHBIX CUCTEM CE30HHOTO aKKyMYJIHMPOBAHUS YHEPTHH.

KiaioueBble cJioBa: COJTHEYHBIA KOJUIEKTOp, TPYHTOBBIM TerioBoil akkymyssitop (I'TA), cesonnoe
XpaHEHHUE TEIUIOBOM SHEPTHH, TETUNIOOOMEHHUK, MOIeTUpoBanue, ontuaeckuii KI1J]
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JKEP ACTBI KBLTY CAKTAY )KYHUECIHJIEI'T )KA3BIK KYH KOJJIEKTOPBIHBIH,
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Anoamna

Xa3plk KYH KOJJIEKTOPBI — >KaHAPTBUIATBIH JHEPrHsl MEH TYTHIHYIIBUIBIK CYPAaHbIC apachIHAAFbI
TEHTepiMCI3IIKTI )KOIOFa apHaJIFaH JKEePacThl KbUTY cakTay *YyHenepiHiH Herisri anemMenTi. KyH sHeprusichiH
JKUHAKTal OTBHIPHIN, ON OYKij XYWeHIH TUIMIUTriHe aWTapibsikTail ocep ereni. KemrereH 3eprreyrep
WICANIaH/BIPBUIFAH  MOZENBJCPre CYHCHETIHMIKTEH, Oy JKYMbICTa «KYH KOJUICKTOPBI — JKBUTY
QJIMACTBIPFBIIDY JKYMECIHIH CTAallMOHAPJIBIK €MEeC MaTeMaTHKAIBIK MOJENI d3ipJieHai. Mojaenb HaKThI
eHepKacinTik SchiicoSol KOMTEeKTOPBIHBIH CHITaTTaMallapbl KOJIAAHBLTEIT, Python TiniHAe Ky3ere achIpbUIIHL.
Bepudukanusimanran MoJenb Heri3iHae onTukaablK [1OK, JKbUTy MIBIFBIHAAPHI, JKBUTY AIMacTBIPFBILITHIH
KbUTy Oepy Kod(hOHUIMEHTI, KbUTY TaChIMAJIAFBIIl IIBIFBIHBI KOHE KOpILIaFaH OpTa TeMIIepaTypachIHBIH
TOYJIKTIK THIMALUTIKKE ocepiH Oaranay YIIiH HapaMmeTpiiK >koHe ce3iMTannblk (£20%) Tanaaysl Kypri3uiii.
Hormxkecinne [TOK-ke Kopmaran opra temrieparypachl, onTHKAIBIK [1OK, CBI3BIKTHIK JKBUTY HIBIFBIHAAPHI
KOHE JKBUTY aJMAaCTBIPFBIII CHIAaTTaMalapbl 0acThl 9cep €TETiHI aHBIKTaNAbl. AJBIHFaH MOJiMETTep
KYPBUTBIMABIK KOHE PEXUMIIK MapaMeTpiiep/IiH 9CepiH CaH/bIK OaranayFa, COHIal-aK MayChIMIBIK DHEPTHUs
KMHAKTAy/JbIH HAKTBl JKYHeJepiH jko0ajay MEH OHTaiIaHAbIpy OOWBIHINA TPAKTUKAIBIK YCHIHBICTAp
a3ipyieyre MYMKiHIIK Oeperti.

Tyiiin ce3aep: KYH KOJUIEKTOPBI, XKep acThl JKbUTY aKKyMYJSITOPBI, bUTy SHEPTUSCBIH MayCHIMJIBIK
KHUHAKTAY, KbITY aJIMacCTBIPFBILI, MOJENbACY, onTHKaIbIK [TOK.

Introduction

Heating and cooling account for approximately half of Europe’s energy consumption, with 85%
supplied by fossil fuels [1], while buildings consume up to 40% of the EU’s total energy [2]. In
Canada, space and water heating generate over 80% of residential greenhouse gas emissions [3].
These figures highlight the need for low-carbon heating systems. Solar energy offers a promising
alternative, but its availability is seasonally mismatched with heating demand: solar radiation peaks
in summer, whereas heat demand peaks in winter [4]. Seasonal Thermal Energy Storage (STES)
addresses this imbalance by storing surplus renewable heat collected in summer for winter use [5].

Among underground sensible heat storage technologies, Borehole Thermal Energy Storage
(BTES) offers flexibility, scalability, and cost-effectiveness [6]. It uses soil or rock as the storage
medium (Figure 1), exchanging heat through arrays of vertical boreholes, typically 30-200 m deep,
equipped with U-shaped tubes carrying a heat-transfer fluid [6, 7]. Unlike tank storage or Aquifer
Thermal Energy Storage (ATES), BTES requires no artificial reservoirs and is independent of aquifer
availability. Its modular design allows expansion by drilling additional boreholes [7].

Integrating solar collectors with seasonal storage forms the basis of Central Solar Heating Plants
with Seasonal Storage [2]. Collectors supply surplus summer heat, which a circulating fluid transfers
through heat exchangers to BTES for storage until winter. A notable example is Canada’s Drake
Landing Solar Community (DLSC), completed in 2006. It combines 800 flat-plate collectors installed
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on garage roofs with 144 boreholes, each 35 m deep [8]. After five years of operation, DLSC achieved
a solar fraction of 97%, meeting nearly all the heating needs of 52 homes with stored summer solar
energy [6]. Collector selection strongly influences overall STES performance. Flat-plate solar
collectors (FPCs) are widely used because of their reliability and suitability for low-grade heat [9].
However, their efficiency decreases substantially at fluid temperatures of 70-95°C, often required for
effective seasonal storage charging [10].
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Figure 1. Schematic diagram of a borehole thermal energy storage system

Hybrid configurations improve solar heat collection at high temperatures. At the Taars plant in
Denmark, flat-plate collectors preheat the fluid, while parabolic trough collectors (PTCs) raise its
temperature to approximately 95°C for storage or district heating [10].

Solar—STES integration nevertheless faces several challenges. As the borehole field warms, higher
collector inlet temperatures reduce collection efficiency, while high storage temperatures increase
ground heat losses. At DLSC, approximately 60% of the injected heat was lost [2]. Insufficient
summer replenishment also causes progressive ground cooling, reducing heat pump performance and
increasing electricity consumption [11]. Furthermore, drilling and collector installation costs hinder
commercial deployment without substantial subsidies [6]. Low-temperature BTES coupled with
ground-source heat pumps offers a potential solution. Storage temperatures below approximately
35°C reduce heat losses and improve collector efficiency; heat pumps then raise the temperature for
building heating [6]. Phase-change materials can increase storage density and moderate temperature
fluctuations [12], while hybrid FPC-PTC systems improve heat generation across different
temperature ranges [10]. However, many simulations inadequately represent practical operation.
Electricity-price-based control of heat pumps and storage charging remains insufficiently explored
[11]. Balancing collector array size, borehole storage costs, and thermal performance to minimize the
levelized cost of heat is another unresolved challenge [10, 13]. Detailed analysis using commercial
collector specifications is therefore needed to assess how actual design characteristics affect seasonal
efficiency. This study investigates the sensitivity of collector thermal efficiency to design and
operating parameters. The objectives are to compare model results with published calculations [14],
use commercial collector specifications, and assess subsystem performance relevant to STES
integration. Ground storage dynamics and seasonal BTES efficiency are outside the present model.

Research methodology
Thermal state model of a solar collector. The modeled subsystem comprises a flat-plate collector,
a primary circulation loop, and a heat exchanger within the solar circuit shown in Figure 1. It supplies
heat to the downstream storage system; the borehole field itself is not modeled. The collector
comprises an insulated housing, a transparent cover, an absorber, and copper tubes (Figure 2a). Solar
9
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radiation absorbed by the plate is transferred through the tubes to the circulating heat-transfer fluid,
while conduction, convection, and radiation cause heat losses (Figure 2b).

The heat exchanger contains primary and secondary sections separated by a heat-transfer partition
(Figure 2¢). The primary fluid releases heat received from the collector, while the secondary fluid
transports it to the storage tank.

a) Liquid b)

Heat loss
35%

Absorbed in
plate 80%

Insulated

Collected heat
45%

Figure 2. Solar thermal system components: (a) flat-plate solar collector construction, (b) solar energy
distribution and heat losses in the collector; (c) heat exchanger schematic showing the primary and
secondary sections and fluid inlet and outlet temperatures.

The model predicts the time-dependent collector outlet temperature and the heat exchanger outlet
temperatures in both circuits, T and T>, for a prescribed daily solar radiation profile. The following
assumptions apply:

1) Each modeled fluid volume is perfectly mixed, with uniform temperature and no stratification.

2) Fluid thermal properties and flow rates in both circuits remain constant.

3) The absorber temperature equals approximately the mean collector inlet and outlet fluid
temperature.

4) Connecting pipelines are perfectly insulated; their heat losses are neglected.

The collector energy balance includes absorbed solar power, thermal accumulation, environmental
losses, and heat removal by the circulating fluid:

Qst = Qin - Qout + Qg (D

where Qst is the thermal accumulation rate, Qin is absorbed solar power, Qout comprises
environmental losses and fluid heat removal, and Qg is auxiliary heating power (all in W). Here, Qg
=0.

Thermal accumulation in the collector fluid is expressed as:

A ch,ou
Qe = pc =ty @)

where p [kg/m?] is fluid density, cp [J/(kg-K)] is specific heat capacity, V [m?] is fluid volume, and

Tc,out [°C] is collector outlet temperature.
The solar energy arriving at the collector surface is determined by expression (3).

Qs = 14 3)

The absorbed solar power accounts for cover transmittance and absorber absorptance:

Qin = Qabs = InoA 4)
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where I [W - m™2] — solar radiation falling on the collector surface, A [m?] — collector area, ny = Ta
— optical efficiency of the collector, T — transmittance of a transparent coating, a — absorption
coefficient of the absorber.

The total heat leaving the collector control volume comprises environmental losses and useful heat
transferred to the fluid:

Qout = Qloss + QF (5)

where Qj,ss [W], the heat losses of the collector to the environment are described as:
Qloss = ULA (Tabs - Tamb) (6)

where Uy, [W -m™2-°C™1] — heat loss coefficient, T,ps [°C] — absorber temperature, Tppp [°C] —
ambient temperature.
The thermal power Qr [W] transferred to the coolant is determined by the expression:

Qr = mc(Tc,out - Tc,in) (7

where m [kg/s] is mass flow rate, ¢ [J/(kg-K)] is fluid specific heat capacity, and T_;, [°C] is collector
inlet temperature.

Based on the systems of equations (1)—(7), a differential equation for the heat balance of the
collector is compiled:

ch,out
dt

C = IAny — ULA(Taps — Tamb) — mc(Tc,out - Tc,in) )
where C = pcpV [J/K] is the fluid heat capacity and t [s] is time.

Equation (8) describes coolant temperature evolution under solar input, environmental losses, and
fluid flow. Only dominant upper-surface heat losses are considered. Coolant density, specific heat
capacity, and volume are assumed constant [6], while the absorber temperature equals the mean
coolant temperature:

Tc,in + Tc,out

Tabs = Tavg = - (9)

where T, [°C] — average temperature of the coolant in the collector. Substituting (9) into (8) yields
the governing equation for the flat-plate solar collector:

dTcou IAn U A pF.c
Tt = TO - %(Tavg - Tamb) - T(Tc,out - Tc,in) (10)
where Fc [m?/s] 1s the primary volumetric flow rate.

The heat exchanger is represented by two interacting, perfectly mixed fluid volumes, coupled
through thermal conductance UA. The primary outlet temperature satisfies:

UA

ar, F,
p.out __ e ) _ _
- Vi (Tp,ln Tp,out) pcvy

dt (Tp,out - Ts,out) (11)

where T, ;, and T, are primary inlet and outlet temperatures, T o is secondary outlet temperature,
V) is primary fluid volume, and UA [W/K] is heat exchanger conductance. With insulated
connections, Ty i, = T oy and Ty gu¢ = T jn-

The change in the coolant temperature at the outlet of the secondary circuit is determined by the
expression:

11
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dTou _ F ua
Tt = V_;(Ts,in - Ts,out) + E(Tp,out - Ts,out) (12)

where V, is secondary fluid volume, Ts,in is secondary inlet temperature, and F; is secondary
volumetric flow rate [m?/s]. A variable solar insolation profile was used to simulate the collector's
daily operating mode. The daily variation in solar radiation was approximated by a sinusoidal function
between sunrise and sunset:

I(t) = I, sin [% (13)
set™ Lrise

where I [W - m™2] — intensity of solar radiation at a given moment in time t, I, [W - m~2] — the

maximum intensity of solar radiation corresponding to a clear summer day (I,,,, = 900 W - m™2),

t.isc — sunrise time, t,; — sunset time. The instantaneous efficiency of the collector was determined

by the formula:

Tavg —Tamb (Tavg - Tamb) | Tavg ~Tamb |
— k, —k

n="n ] 2 I (14)

where 1 — instantaneous collector efficiency, k; [W - m~2 - °C™1] — linear heat loss coefficient, k,
[W - m~2 - °C~2] — coefficient of square heat loss. The daily efficiency of the collector was estimated
by the integral efficiency:

_ I(Qsol_Qloss)dt
Maay =~ 4Trac (15)

where 14,y — daily efficiency of the system. The initial conditions for the numerical simulation were

set based on the assumption that at the initial moment of time the entire system is in thermal
equilibrium with the environment:

Tc,out(o) = Tc,in(o) = Tp,in(o) = Tp,out(o) = Ts,in(o) = Ts,out(o) = Ta (16)

The model was implemented in Python using NumPy. Figure 3 compares collector and heat
exchanger temperatures with published calculations [14]. In this verification case, circulation is
initially absent (F, = 0), producing a collector temperature peak; pump activation then transfers heat
to the exchanger. This comparison checks implementation consistency rather than providing
experimental validation. The subsequent daily simulations use SchiicoSol K specifications and a
separate solar input profile.

90

—— Tc.out (model) Te.out (ref)
80 - Te.in (model) ¢in (ref)
Tp.out (model) p.out (ref)
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|
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v
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Figure 3. Comparison of the calculated temperature data of the model with the data of work [14]
12




Abaii amvinoasvr Kaz¥I1Y-niy XABAPIIBICHI, « Qusuka-mamemamura vlivimoapuly cepusicol, Ne3(95), 2026

Discussion of Results

Collector specifications were taken from the SchiicoSol K product sheet [15] after comparison
with published calculations [14]. Each of six parameters was varied independently while the others
remained at their baseline values (Table 1). Daily collector efficiency was the evaluation criterion.
The full-range efficiency spread is defined as:

AU = Nmax ~ Mmin (17)

Table 1. Research parameters and variation ranges

Parameter Base value Variation range Unit
Optical efficiency 1, 0,799 0,60 - 0,92 —
Linear losses k4 3,97 1,5-8,0 W/(m?-K)
Square-law losses k, 0,016 0,004 — 0,040 W/(m?-K?
Pump flow rate F, 2,5 0,5-8,0 l/min
UA of the heat exchanger 45 10— 150 W /K
Air temperature T, 10 —10—+40 °C

Figure 4 presents the baseline daily simulation using n, = 0.799, k; =3.97 W/(m*-K), k, = 0.016
W/(m?-K?), and A = 2.32 m?. Solar collection occurs between 06:00 and 18:00, with the collector
outlet reaching approximately 66°C (Figure 4a). The heat exchanger temperatures remain nearly
constant after circulation stops, while the collector cools. Figure 4b shows absorbed solar power,
environmental heat losses, and useful heat collection, expressed in W.

Figure 5 shows the influence of six parameters on daily collector efficiency, with a common
baseline of 48.5%. Increasing n0 from 0.60 to 0.92 raises efficiency from 36.9% to 55.4%; increasing
Ta from —10 to 40°C raises it from 41.3% to 58.9%.

UA and F, show diminishing returns. Efficiency rises from 30.4% at UA = 10 W/K to 54.3% at
150 W/K, while increasing flow from 0.5 to 8 L/min raises it from 44.7% to 49.2%. Higher flow
therefore offers limited additional thermal benefit.

Increasing k; from 1.5 to 8.0 W/(m?-K) reduces efficiency from 58.9% to 37.2%; increasing k,
from 0.005 to 0.040 W/(m?-K?) reduces it from 50.5% to 45.3%. The linear loss coefficient has the
larger influence over these ranges.
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Figure 4. Baseline daily operation: (a) fluid temperatures; (b) absorbed solar power, heat losses, and useful heat
collection.

Figure 5 summarizes the influence of the full investigated parameter ranges on daily collector
efficiency. The largest efficiency spread is associated with the heat exchanger conductance UA (23.9
percentage points), followed by the linear heat loss coefficient k; (21.7), optical efficiency n, (18.5),
and ambient temperature T, (17.6). The corresponding spreads for the quadratic heat loss coefficient
k, and volumetric flow rate F, are 5.2 and 4.5 percentage points, respectively.
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These results characterize the overall influence of the selected parameter ranges and should not be
interpreted as normalized local sensitivities.

Daily Collector Efficiency under Parameter Variation
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Figure 5. Dependence of the daily efficiency of a solar collector on changes in key operational, design
parameters and external factors

Figure 6a presents a local sensitivity analysis of daily collector efficiency, in which each parameter
is varied by +20% around its baseline value. This analysis evaluates the response of collector
efficiency to moderate parameter variations under baseline operating conditions and complements the
broader parametric analysis presented in Figure 5.

Figure 6b compares the operating trajectory with the instantaneous efficiency characteristic.
During high insolation, operating points occupy the low reduced-temperature region, with efficiency
approximately 0.55-0.73.
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Figure 6. a) Daily efficiency ranges under +£20% variations in the model parameters; (b) instantaneous
efficiency characteristic and operating trajectory.

Figure 7 compares useful collected heat and maximum collector outlet temperature. Increasing
optical efficiency or ambient temperature increases both quantities, whereas increasing either heat
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loss coefficient reduces them. The useful heat gain with higher optical efficiency is accompanied by
a higher peak temperature.

Useful energy and maximum outlet temperature of collector
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Figure 7. Results of the coupled analysis of useful thermal energy and peak temperature conditions
of a solar collector

Fc and UA instead produce opposing energy and temperature trends. Increasing F. from 0.5 to 8
L/min raises useful heat from approximately 25.7 to 28.2 MJ while reducing the peak temperature
from 83 to 63°C. Increasing UA from 10 to 150 W/K raises useful heat from approximately 17.5 to
31 MIJ and lowers the peak temperature from 93 to 58°C. Improved heat removal therefore limits
overheating, although gains diminish at higher flow and conductance.

Table 2 summarizes the daily efficiency endpoints displayed in Figure 5. Its spreads describe the
selected full variation ranges, which differ from the local perturbations in Figure 8. They do not

establish a universal sensitivity ranking or an economic optimum.
Table 2. Daily collector efficiency ranges read from Figure 5

Parameter nmin (%) nmax (%) An (percentage points)
Air temperature T, 41,3 58,9 17,6
Optical efficiency n, 36,9 55,4 185
Linear heat loss coefficient k, 37,2 58,9 21,7
Heat exchanger conductance UA 30,4 54,3 23,9
Pump flow rate F, 44,7 49,2 4,5
Quadratic heat loss coefficient k, 45,3 50,5 5,2

Figure 8 presents local sensitivity around the 48.5% baseline. Optical efficiency has the largest
reported effect, followed by U, and UA; T, and F; have smaller effects. This five-parameter analysis
differs from the six-parameter sweeps in Figures 5—6 because it uses an effective loss coefficient
Uefys. Local sensitivities describe behavior near the baseline and cannot be ranked directly against the
full-range efficiency spreads.
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Figure 8. Reported local sensitivity of daily efficiency to £20% parameter variations

Conclusions

In this paper, the heat transfer processes of a flat-plate solar collector in a water heating system
were studied using dynamic mathematical modeling. The following results were obtained and the
proposed problems were solved.

A non-stationary mathematical model of the solar collector was developed based on the equations
of EN 12975 and implemented numerically using the Euler method with a 10-s step size. The model
takes into account the thermal inertia of the system (C = 19,502 J/K), heat transfer between the
elements, and the dynamics of the storage tank. Verification showed good agreement between the
instantaneous efficiency and the EN 12975 specification (deviation < 8 107). A parametric analysis
based on the Hottel-Whillier—Bliss equation revealed the following dynamics of parameter influences
on daily system efficiency:

- Across full physical parameter ranges, daily efficiency varied from 30.4% to 58.9%. Under
these conditions, the largest efficiency spread (An) was observed when varying heat exchanger
conductance (UA, up to 23.9 percentage points), linear heat loss coefficient (ki, 21.7 percentage
points), optical efficiency (1, 18.5 percentage points), and ambient temperature (T, 17.6 percentage
points). The influence of the quadratic heat loss coefficient (k) and coolant flow rate (F) remained
minor (4n < 5.2 percentage points).

- Local sensitivity analysis (£20% variation): Optical efficiency (79) emerged as the dominant
factor, causing an efficiency spread of 18.4 percentage points (ranging between 39.2% and 57.6%).
The impact of other parameters under local variations was less pronounced: k; yielded a spread of
5.7 percentage points, UA 3.1 percentage points, T, 1.4 percentage points, k, 1.0 percentage point,
and coolant flow rate F, only 0.4 percentage points.

Based on these findings, practical design recommendations for cold-climate regions (specifically
Kazakhstan) include prioritizing collectors with low linear heat losses (k; < 2.5 W/(m? K)), high
optical efficiency (1, = 0.85), and sufficient heat exchanger conductance (UA = 50 W /K).
Furthermore, operating at moderate coolant flow rates (F, = 2.5 — 3 L/min) strikes an optimal
balance between thermal performance and pumping power requirements. Future research will focus
on extending the dynamic model by integrating hybrid energy sources, phase-change materials, and
optimizing the thermal capacity of storage systems.
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