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Featured Application

The proposed low-grade solar thermal absorption chiller provides a sustainable cooling
solution for residential and commercial buildings in sun-rich regions. By operating effi-
ciently at low driving temperatures achievable with evacuated flat plate collectors, the
system reduces electricity consumption from conventional vapor compression systems and
lowers greenhouse gas emissions. Its optimized design offers a cost-effective pathway for
integrating renewable energy into HVAC applications, particularly in hot climates where
cooling demand coincides with peak solar availability.

Abstract

This study investigates an integrated solar-driven single-effect HyO-LiBr absorption chiller
powered by low-grade thermal energy. A detailed thermodynamic model, comprising
a solar collector, a thermal storage tank, and an absorption cycle, was developed using
the Engineering Equation Solver (EES) software V10.561. A comprehensive parametric
analysis and multi-objective optimization were then conducted to enhance both the en-
ergy and exergy performance of the system. The Response Surface Methodology (RSM),
based on the Box-Behnken Design, was employed to develop regression models validated
through analysis of variance (ANOVA). The generator temperature (78-86 °C), evaporator
temperature (2.5-6.5 °C), and absorber/condenser temperature (30—40 °C) were selected as
key variables. According to the results, the single-objective analyses revealed maximum
values of COP = 0.8065, cooling capacity = 20.72 kW, and exergy efficiency = 39.29%. Sub-
sequently, the multi-objective RSM optimization produced a balanced global optimum
with COP = 0.797, cooling capacity = 20.68 kW, and exergy efficiency = 36.93%, achieved
under optimal operating conditions of 78 °C generator temperature, 6.5 °C evaporator
temperature, and 30 °C absorber/condenser temperature. The obtained results confirm the
significance of the proposed low-grade solar absorption chiller, demonstrating comparable
or superior performance to recent studies (e.g., COP =~ 0.75-0.80 and ~35-37%). This
agreement validates the RSM-based optimization approach and confirms the system'’s
suitability for sustainable cooling applications in low-temperature solar environments.

Keywords: absorption cooling system; response surface methodology; Box-Behnken
design; exergy analysis; low-temperature solar collectors; multi-objective optimization
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1. Introduction
1.1. Background and Motivation

Broad adoption of renewable energy sources is essential for reducing fossil fuel de-
pendence, lowering carbon emissions, and enhancing global energy security [1,2]. Among
these sources, solar energy stands out as the most abundant, versatile, and accessible
form of renewable energy, capable of meeting substantial energy demands across various
applications [3,4]. Solar energy can be harnessed through photovoltaic systems to generate
electricity or via solar thermal collectors to supply heat. Furthermore, solar radiation serves
as a versatile alternative for modern energy systems, as it can be concentrated to generate
electricity [5]. The building sector accounts for roughly one-third of global energy use and
about 25% of CO, emissions [6]. This represents significant potential for energy-efficiency
improvements. In particular, heating, ventilation, and air-conditioning (HVAC) systems
account for 35-40% of a building’s total energy consumption [7]. Consequently, integrat-
ing solar-powered cooling technologies into buildings represents a promising strategy to
reduce operational energy consumption and associated environmental impacts.

1.2. Importance of Absorption Chillers and Current Challenges

In this context, solar-driven cooling technologies, particularly absorption refrigeration
systems (ARSs), have emerged as sustainable alternatives to traditional electricity-based
cooling systems. These systems effectively align peak cooling demand with periods of
high solar irradiation, making them particularly suitable for regions with strong solar
potential [8]. Single-effect absorption chillers (SE-AC) using the water—lithium bromide
(HpO-LiBr) pair represent a promising ARS technology capable of operating with low-
temperature heat sources and natural refrigerants, achieving coefficients of performance
(COP) around 0.7 [9]. However, the performance of such systems is highly sensitive to design
parameters, operating conditions, the number of stages or effects, heat-source characteristics,
condensation method, application, working mode, cycle configuration, and working-fluid
pair, emphasizing the need for rigorous thermodynamic analysis and optimization.

1.3. Literature Gaps and Related Work

Optimization plays a crucial role in improving the efficiency, reliability, and sustainabil-
ity of energy systems. In solar-thermal-driven cooling systems, where energy availability
is inherently intermittent, system performance is highly sensitive to operating conditions.
Optimization minimizes energy losses, improves efficiency, and identifies optimal designs
that balance multiple objectives.

Various optimization strategies have been applied to absorption refrigeration sys-
tems, particularly in the context of solar integration. These include both determinis-
tic and advanced metaheuristic algorithms such as Genetic Algorithms (GAs), Particle
Swarm Optimization (PSO), and Artificial Neural Networks (ANNs) [10-12]. For instance,
Yang et al. [13] designed an optimized cascade cooling system for a polysilicon plant using
Aspen Plus and MATLAB with a GA, achieving annual savings of USD 931,025, recovering
3.139 kW of waste heat, generating 2.404 kW of cooling, and saving 7.8 million kWh of
energy. Bellos et al. [14] applied the Conjugate Directions Method in EES to optimize a
solar ejector refrigeration system, identifying optimal generator temperatures and suit-
able refrigerants. R141b was found to be the most effective, with the system achieving a
maximum COP of 0.234 and optimal generator temperatures between 114 °C and 157 °C.
Absorption cooling performance can be significantly improved through system configu-
ration enhancements, driving temperature adjustments, or the integration of advanced
components. Saoud et al. [15] investigated a novel Single Effect Double Lift Absorption
Chiller (SE-DL AC). At 88.7 °C, the SE-DL AC delivered more than ten times the cooling
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capacity of a conventional system, with a comparable COP and a substantially higher glide
temperature (36 °C vs. 3.5 °C). Dominguez-Inzunza et al. [16] compared five ammonia—
lithium nitrate absorption systems, highlighting trade-offs between system complexity,
COP, and generator temperature. Single-effect systems are simpler and offer nearly twice
the COP of half-effect systems, whereas triple-effect systems achieve the highest COP but
are more complex and require higher generator temperatures.

In absorption refrigeration systems (ARSs), the thermophysical properties of the
working-fluid pair (refrigerant-absorbent) are crucial. While the NH3-H,O pair is suitable
for sub-zero temperature applications, the HyO-LiBr pair is preferred for air-conditioning
and moderate cooling loads [17]. Kaushik and Kumar [18] conducted a thermodynamic
analysis of a two-stage ammonia vapor absorption refrigeration system using NH3;-H,O
and NH;3-LiNO3; working pairs. Their study found that the NH3-LiNOj pair achieved a
lower minimum evaporator temperature and a higher COP compared to the conventional
NH3-H;O system. Wang et al. [19] examined nine ammonia-based working pairs incorpo-
rating ionic liquids, identifying four feasible options. Among these, NHs /[mmim][DMP]
achieved the highest COP of 0.79, while NHj3/[emim][TfN] (0.74), NH3/[emim][SCN]
(0.73), and NH3/[bmim][BF4] (0.70) also outperformed the conventional NHj3/H,O system.

Despite extensive research on absorption cooling systems, several gaps remain in
existing literature. Many previous studies focused on systems requiring high driving
temperatures (typically above 90-100 °C), which limits their compatibility with low-grade
solar heat sources. Moreover, most optimization studies concentrated on single-objective
performance improvements, such as maximizing COP, while neglecting exergy efficiency
and the coupled thermo-exergetic interactions among system components. Other investi-
gations relied on specific collector types (e.g., evacuated tube or concentrating collectors)
that, although efficient, are costly and less suitable for large-scale building integration. In
addition, a considerable proportion of studies employed purely deterministic modeling
approaches without using statistical optimization tools capable of revealing the interactions
among key operating parameters. The present study addresses these shortcomings by
developing a comprehensive thermodynamic and exergy model of a low-temperature
solar-powered H,O-LiBr absorption chiller driven by evacuated flat-plate collectors. The
system is designed to operate efficiently at driving temperatures below 90 °C, thereby
enhancing cost-effectiveness and applicability in hot, sun-rich regions. Moreover, a multi-
objective optimization approach based on Response Surface Methodology (RSM) is applied
to simultaneously maximize COP, cooling capacity, and exergy efficiency. This provides a
balanced and holistic performance improvement compared with previous single-objective
or high-temperature studies. Optimization of energy systems is also essential for achieving
cost savings, reducing environmental impacts, and improving energy security. Ultimately,
such optimization supports the transition toward zero-emission energy systems, which are
vital for meeting the 1.5 °C climate target [20,21].

1.4. Objective, Scope, and Contributions

The objective of this study is to develop a comprehensive thermodynamic model of a
single-effect water-LiBr absorption chiller powered by low-temperature solar energy, using
the Engineering Equation Solver (EES V10.651) package. The model is employed to perform
both deterministic and statistical optimization through Response Surface Methodology
(RSM) based on the Box-Behnken Design (BBD). A detailed parametric investigation is
conducted by varying key operating factors, including generator, evaporator, absorber, and
condenser temperatures. This dual approach enables a physical understanding of perfor-
mance trends while providing predictive regression models for optimal system operation.
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The study also introduces several distinctive contributions to the field of solar- HVAC
units. First, it demonstrates advanced RSM-based multi-objective optimization of a LiBr—
H,O single-effect chiller, offering a holistic and balanced approach to performance en-
hancement. Second, it addresses the underexplored integration of low-temperature solar
collectors, specifically evacuated flat-plate collectors (EFPCs), which are cost-effective,
widely available, and well-suited for large-scale applications in sun-rich regions. Finally,
it bridges a critical research gap by coupling comprehensive thermodynamic modeling
with rigorous statistical analysis. This combined framework captures both the physical and
statistical sensitivities of operating parameters, yielding insights into system optimization
that are not provided by earlier studies.

The application of RSM-based multi-objective optimization provides several advan-
tages for the present study compared with traditional deterministic or single-variable
optimization methods. It enables the simultaneous optimization of multiple performance
indicators, namely COP, cooling capacity, and exergy efficiency, allowing for a balanced
improvement of thermal and exergetic performance. In addition, RSM generates statisti-
cally validated regression models that capture the nonlinear interactions between decision
parameters with high precision and consistency, ensuring robust predictive capability. The
Box-Behnken Design further enhances computational efficiency by requiring a reduced
number of simulations runs while maintaining statistical significance. Consequently, this
hybrid thermodynamic-statistical framework increases model reliability, versatility, and
reproducibility, making it well-suited for optimization of complex solar-assisted absorp-
tion systems.

2. System Description

The proposed solar cooling system comprises three modules designed to convert solar
energy into cooling energy efficiently. Figure 1 represents the system diagram.
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Figure 1. Schematic of the solar-driven cooling unit.

The solar energy collection system uses an array of evacuated flat-plate solar collectors
to maximize cost-effectiveness. A well-insulated thermal storage tank stores the collected
energy, ensuring a steady supply even though solar radiation is insufficient. Pressurized
water is utilized as a medium for heat transfer in both the collecting field and the storage
tank to avoid evaporation and preserve the liquid phase. The EFPC converts primary
heat energy Qo) into useful thermal energy (Qu)- The upper section receives hot water
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at Too1, out, While the lower section receives cooler water at T, i, Which returns to the
collector field. From the opposite side of the tank, hot water at T i, flows into the heat
recovery system, where it transfers heat to the chiller generator. The cooled HTF returns to
the tank’s lower section, completing the thermal circuit. The absorption chiller (AC) is a
single-effect device that operates at low temperature. The cycle uses lithium bromide-water
(water-LiBr) as the working pair, and water/steam as the refrigerant. It consists of two
pressure levels (Low and high) and four main components: a generator, an evaporator, a
condenser, and an absorber. A solution heat exchanger (SHEX) improves the coefficient
of performance (COP). The system also includes a solution pump (SP) and two expansion
valves (SEV and REV). The absorption cycle includes four fundamental processes:

e  Generation (GE)—Thermal energy (Qgen): The generator is powered by a heat source,
such as solar energy or waste heat, which evaporates water from the LiBr solution
(State 7). The produced high-pressure vapor is directed to the condenser, while the
weak solution (State 4) is returned to the absorber.

e Condensation (CO)—Heat Rejection: occurs when high-pressure vapor (State 7) con-
denses into liquid (State 8) in a condenser, releasing heat (Qcon) to the surroundings.

e  Evaporation (EV)—Cooling Effect: The cooling effect occurs when the liquid refriger-
ant expands through a valve (State 9) and enters the evaporator, absorbing heat from
the cooling load (Qeys )-

e  Absorption (AB)—Solution Regeneration: The LiBr solution (State 1) absorbs the low-
pressure vapor (State 10) in the absorber, resulting in a strong solution (State 6) and
heat release (Qabs) contributing to environmental sustainability. The strong solution
(States 2-3) is fed back into the generator to complete the cycle.

3. Mathematical Modeling

This section discusses the mathematical model of the solar-powered absorption cooling
system depicted in Figure 1, which was developed and solved using Engineering Equation
Solver (EES v10.561) [22]. The main assumptions are presented first, followed by energy
and exergy analyses to determine system feasibility. The input data are shown in Table 1.

Table 1. Input data for the solar-driven single-effect absorption chiller.

Parameters Value
FPC collecting area, A op 21 m?
MER of the collector field, mqy 0.056 kg-s~1
Collector aperture area, Ayp 1.84 m?
Tank thermal loss coefficient, Ug; 0.5WmZK!
Tank volume, Vg 35md
Sun temperature, Tsyn 5770 K
Solar irradiation, Gyt 1000 W /m?
Ambient temperature, T,y 298 K
Generator temperature, Tgen 82°C
Evaporator (cooling) temperature, Teva 4.5°C
Condenser/absorber temperature, Teon , Taps 35°C
Solution heat exchanger effectiveness, esppx 65%

To simplify the mathematical model, the analysis employs standard assumptions for
solar absorption systems, consistent with prior studies [23,24].

e The system operates under steady-state conditions,
e  Pressure drops and heat losses throughout all components are negligible,
o  The refrigerant is saturated at the outlets of the condenser and evaporator,
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e  The absorber’s weak solution and the generator’s strong solution are both saturated
and in thermal equilibrium at their respective temperatures,

e  Chemical, kinetic, potential, and associated exergy factors are ignored due to their
small significance.

o  The reference specific enthalpy (hg) and entropy (sp) or exergy calculations are defined
at25°Cand 1 atm.

3.1. Energy Analysis

The thermodynamic cycle is simulated based on the first law of thermodynamics and
mass conservation equations. They are as follows:

Zmin = Zmou’t (1)
2 Ii’lXin = 2 mXout/ (2)

where m is the mass flow rate of the stream (either refrigerant or solution), and x is the

mass fraction of lithium bromide (LiBr) in the water—LiBr solution.
Neglecting kinetic and potential energy effects, the energy conservation equation is:

Qin - Win + Zminhin = Qout - Wout + Zmouthout ’ 3)
in

out

In this expression, the heat transfer rate between the control volume and its surround-
ings is represented by (Q), (W) signifies the rate of work transfer, and h is the specific
enthalpy (kJ/kg).

3.1.1. Solar Energy Collecting Model

The total incident solar power on the collector Q, is calculated as a function of the
FPC collecting area (A1) and total solar radiation ( Gyot) based on the following expression:

Qsol = Gtot : Acoll/ (4)

Equation (5) expresses the useful heat gain (Qu) as an energy balance of the working
fluid, considering absorbed solar radiation, thermal losses, and heat transferred to the fluid.

Qu = 1;nccdl : Cp (Tcoll,out - Tcoll,in)z (5)

where m; is the mass flow rate in the collector field, C, is the specific heat capacity of the
heat transfer fluid, and the term (Teo out — Teollin) are the outlet and inlet temperatures
of the collector.
The thermal efficiency of a solar collector (N, 011 ) is calculated as the ratio of useful
heat gain (Q,) to incident solar energy.
Qu

Mehcoll = Grot Aconl”

(6)

The thermal efficiency (g, con) is calculated with the following polynomial equa-
tion [25].

2
(TE moy—Tambp) (T, moy—Tamb)
Neh,coll = No—a1 —ap , )
Giot Gtot

In the above equation, the optical efficiency ng is equal to 0.759. The heat transfer
coefficients are a; = 0.508 W - m~2 - K~ ! and ap = 0.007 W - m~2 - K™}, representing the
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baseline and temperature-dependent losses, respectively. Ty oy denotes the mean fluid
temperature, T,;,, the ambient temperature, and Gic the total solar irradiance.

3.1.2. Thermal Storage Tank Model

The storage tank is modeled using a three-zone mixing approach, in which each zone
is assumed to have a uniform temperature [26,27]. The heat transfer dynamics are described
by energy balance equations, which serve as the basis for designing and evaluating the
performance of the TES system.

Equations (8)—(10) present the governing differential equations for the different zones
of the tank under steady-state conditions.

I.ncoll : CP ' (Tcoll,out - Tst,l) + Ihcoll : Cp : (Tst,z - Tst,l) —Ust - Ast,l ' (Tst,l - Tamb) =0, (8)
meop - Cp - (Tsg1 — Tst2) +Meop - Cp - (Tstz — Tst2) — Ust - Ast2 - (Tst2 — Tamp) =0, (9)
meop - Cp - (Tsgz2 — Tst3) Mo - Cp - (Tsout — Tst3) — Ust - Astz - (Tstz — Tamp) = 0, (10)

The thermal losses (QSt/ losses) Of the storage tank are the summary of the thermal
losses of all the zones, is given by Equation (11) [28]:

Qst,losses = Ust Ast,l (Tst,l - Tam) + Ust Ast,Z (Tst,Z - Tam) + Ust Ast,3 (Tst,3 - Tam)r (11)

The stored energy for each zone is defined as follows:

Q stored — Q input — Q output — Q Losses” (12)

The following assumptions are made to simplify the storage tank modeling under
steady-state conditions: T i, is equal to Tt 1; Teolin is equal to T 3; me is equal to mg; the
overall heat transfer coefficient (Us;) is set at 0.5 W m? K~! for a well-insulated tank [29];
and the tank geometry is assumed to have equal length and diameter, which does not affect
the simulation results [29].

The storage tank volume (V) is calculated using Equation (13):

2
- Atot_ 70 D - Lat

VSt — % 4 7 (13)

The outer surface areas of the storage tank zones are determined using Equations (14)-(16) [14]:

- D} m- Dy - L
A — st st st , 14
st,1 4 + |: 3 ( )

- Dgt - L

Aga = {” : St} , (15)

m - D} 7Dyt - L
A — st st st 16
e 6

The water mass in each zone is calculated using the following equation [14]:
Y

M, = 2 Vst (17)

3
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3.1.3. Absorption Cooling System Model

This section presents the fundamental governing equations used in the thermodynamic
modeling of the absorption chiller [30,31]. The energy input to the cycle, supplied as heat
to the generator (Qgep) is determined by the following energy balance equation:

Qgen = 1'href hy + Ii'1strh4 - mWSh3/ (18)

The heat absorbed by the absorber (Qups) is calculated based on an energy balance
between the inlet and outlet streams of the working fluid, as expressed below:

Qubs = Myerhig + Mgrhg—mys hy, (19)

The following equation expresses the heat rejection rate from the condenser (Qp):
Qeon = Trefhy — Myeths, (20)
The cooling load produced by the evaporator (Qeya) is determined by Equation (21).
Qeva = Qeool = Mgef M1 — e h, (21)

Equations (22) and (23) describe the mass flow rate balances in the absorber and
generator, respectively. Equation (22) represents the energy balance for the LiBr mass flow
rate, while Equation (23) accounts for the overall mass flow rate of both water and LiBr.

1:nws ' st - 1’i’lstr : XStl‘r (22)

n"1s’fr + mref = mws/ (23)

The mass flow rate (Equation (24)) and the LiBr concentration in the water-LiBr
solution (Equation (25)) at different state points are expressed as follows:

Mys = M3 = My = M]; Mgy = Mg = M5 = My = Mg = Mg = Mg = my, (24)

st = X3 = X2 = Xl,' Xstr = X6 = X5 = X4,’ Xref = X10 = Xg = Xg = X7 = 0, (25)

The following Equation describes energy transmission in a solution heat exchanger,
considering both the hot and cold sides of the SHEX.

Ii'lws (h3 - h2) = mstr (h8 - h9)/ (26)

Equation (26) defines heat exchanger efficiency in terms of enthalpy.

hg — hg
MSHEX = [ (27)

As previously mentioned, the solution and refrigerant valves, along with the fluid
pump, are assumed to operate isenthalpically, meaning no heat exchange or work occurs.
This assumption is reflected in Equations (28)—(30), which compare the enthalpy before and
after each device.

hs = he, (28)

hg = hy, (29)
hy ~ hy, (30)
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The thermodynamic properties of the water—LiBr working pair and refrigerant are
determined using the correlations developed by Patek and Klomfar [32,33] which are
implemented as internal functions within the EES software V10.651.

The solution circulation ratio (SCR) is defined as the ratio of the weak solution’s
mass-flow rate exiting the absorber to that of the refrigerant.

1;rlws Xstr
SCR = — = , 31
Myef Xstr - st ( )

The following equation illustrates the relationship between the temperatures of the
absorber, generator, evaporator, condenser, and solution heat exchangers, as well as the
overall heat conductance (UA).

Q, = UA; - LMTD;, (32)

In Equation (32), UA; represents the overall heat transfer coefficient-area product
for the component, while LMTD denotes the log mean temperature difference for that
component. Q;, denotes the energy exchanged within the component, calculated based on
Equations (18)—(21).

Equation (33) defines the LMTD in terms of the inlet and outlet temperatures of both
the hot and cold streams, as shown below:

(Th, in — Tc, out) - (Th, out — Tc,in)

Th in—T t ’
In h, in ¢, ou
Th, out 7Tc,in

LMTD; =

(33)

At that stage of the chiller modelling, it is noteworthy mentioning that the crystallization of
the LiBr solution represents a major operational constraint in absorption chillers, occurring
when the solution becomes supersaturated at low temperatures or high concentrations. In
this study, all simulated operating points were verified to remain below the crystallization
boundary of the LiBr-water system. According to published solubility data, the critical
crystallization concentration is approximately 64—65% at 30 °C. To ensure stable operation,
the model maintains a safety margin of at least 3-5 °C above the crystallization temperature
for each corresponding concentration.

3.2. Exergy Analysis

Exergy analysis, grounded in the second law of thermodynamics and entropy genera-
tion, is a powerful tool for identifying process inefficiencies by quantifying irreversibilities.
It determines the maximum useful work that can be extracted from energy sources or
material flows in relation to a reference environment. Unlike conventional energy analysis,
which overlooks energy degradation, exergy analysis uncovers actual losses and evaluates
the quality of energy and material streams. This enables more targeted optimization and
performance improvement.

2 Exin = Z Exout =+ E.XD (34)
in in
Z M €Xin + EXQ = OZU; Mout€Xout + ExW + Exp, (35)
mn

where Ex is the exergy rate (kW), Exp is the exergy destruction rate, EXQ is the exergy

transfer associated with heat transfer, and EXW is the exergy transfer associated with work.

S f Tamb
fo- a3 >
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Tin is the temperature at the system boundary where heat transfer occurs.

E, =W, (37)

This study includes only physical exergy, excluding magnetic, electrical, nuclear, and
surface tension effects, as well as kinetic, potential, and chemical exergies (the latter being
considered minimal) [34]. Consequently, chemical exergy is omitted from all flows and
components in the analysis. The physical exergy is defined as follows:

Epp, = (h —hg) — To(s — s), (38)

where h and s represent specific enthalpy and specific entropy, respectively, and hy and s
denote the fluid’s specific enthalpy and entropy at the environmental reference state. Due
to the nature of exergy balances, dead-state values cancel out [27]. Consequently, the exergy
destruction (irreversibility) in each component of the solar absorption chiller is expressed
as follows:

Egst, gen = M3eX3 — M3eXy — Myex7 + Mgen(€X11 — €X12), 39)
Egst, gen = M3eX3 — M3eXy — Myexy + Mgen(€X11 — €X12), (40)
Edst, con = M7€X7 — Mgexg + Meond (€X16 — €X15), (41)
Edst, eva = MoeXg — MypeXig + Meva (eX17 — eXis), (42)
EgetsHEX = M3 (ex, — ex)+my(exy — exs), (43)
Egersp = my(ex; — exp)+Wspp, (44)

EgstsEv = Me(eXs — exe), (45)

EgetrEV = Mo (exg — exg), (46)

3.3. Key Performance Indicators

This section outlines the key performance indicators (KPIs) for evaluating the solar-
powered cooling system. The coefficient of performance (COP) is the primary parameter,
defined as the ratio of cooling capacity to heat input, excluding the work of the pump.

Qeva o~ Qeva

COP = - . —
Qgen + WSp Qgen

(47)

Another important metric is the system COP, which considers solar energy input
instead of the generator heat input, as defined in Equation (48).

COPgys = Qeva, (48)

sol

The useful exergy output of the solar collector is evaluated using Equation (49)

. . . T 1
Econ = Qu — Meol] - Cp “ Tamb - In |:r1f(),0m] ’ (49)
coll,in
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As shown in Equation (50), the exergy efficiency of the EFPC is calculated as the ratio
of useful exergy output to the total solar exergy input.

E
MNex,col = ‘Colll (50)
Esol

The exergy flow of the incident solar irradiation, Esol is calculated using the Petela
model, as expressed in Equation (51) [35].

: 4 (T 1 /T 4
Eeol = Grot - Acopy - |1— = (22m ) 4 = (2mb ) |, 51
sol tot coll [ 3 ( Tsun > + 3 < Tsun ( )

The useful exergy output of the absorption chiller (Eey,) is determined from the

evaporator cooling load (Qgy,) and indicates the exergy associated with the system’s
cooling effect [29,36].

- : T
Eeva = —Qeva (1_ Tamb > ’ (52)
eva
The exergy input to the generator, (Egen) accounts for the energy used to power the
absorption chiller. It considers the quality of the thermal energy entering the system,
typically provided by a solar FPC or another heat source [37].

- - T
Egen = Qgen (1 - Tamb ) ’ (53)
gen

Equation (51) is used to calculate the maximum theoretical efficiency for converting
solar energy into useful work, considering the radiation source temperature (Tsyn = 5770
K [38]), ambient temperature (T,.,), and the total incident solar energy flow (Qsol).

The exergetic efficiency of the chiller (1) is defined as the ratio of the exergy extracted
in the evaporator (Eeva) to the exergy supplied to the generator (Egen) [39].

E
Mex = = =2 ’ (54)
Egen
The above equation can be reformulated as follows:
Tam
-(1- )
~ Tamp )
(1)

Another important metric that characterizes the distribution of irreversibilities within

Nex= COP - (55)

the absorption system is the irreversibility ratio (IR) of each component. It is defined as the
ratio of exergy destruction in a specific component to the total exergy destruction in the
system. It is expressed as [40]:

E
IR, = —dst (56)
Z Edst, tot
Equation (57) expresses the overall exergy efficiency of the solar-driven cooling
system [39].

_Qeva (1 - @)

Teva

= (57)
Grot- Acoll * {1 -3 (%) +3 (%) ]

Nex, sys =
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4. Process Simulation and Multi-Objective Optimization Approach

In this study, a comprehensive thermodynamic model is developed for the integrated
system, which includes a solar collector, a thermal energy storage tank, and a water—LiBr
absorption chiller, to evaluate both energy and exergy fluxes throughout the cycle.

4.1. Followed Methodology

Figure 2 illustrates the flowchart of the solving process implemented in the EES
V10.651 software package, along with the steps followed in Design-Expert to optimize the
chiller performance.

Required nominal input data
(Te, Ta, Tc,Te, MFR , eshx)

e

Initial evaluation

Selection of Inputs (factors) and

outputs (responses) variables

Perform experimental design (DoE) —

Model Regression analysis 4—‘
Model Adjusted,
Fitness Predicted R?

Statistical Model
adequacy checking

Modeling and compilation of
the thermodynamic property
database (mass, LiBr,
energy, exergy and heat
transfer equations)

Final outputs of energy and
exergy analyses

Confirmed
Results

Analyze

the
sensitivity analysis supported by 2D reasons

and 3D model graphs

2D & 3D Surface | visualization

Optimal design & Desaribility
approach

Confirmation of the optimal DoE

m PEBN Point prediction & confirmation check

Figure 2. Schematic of the followed methodology.

In the following section, Response Surface Methodology (RSM) was applied to perform
multi-objective optimization. RSM, a widely used Design of Experiments (DOE) technique,
is effective for simultaneously developing and optimizing multiple objectives while min-
imizing both experimental and computational efforts [41,42]. This approach provides
versatility in identifying the relative influence and interaction of key thermal parameters,
allowing consistent prediction of system responses across different operating conditions.
Hence, the method not only reduces the computational burden but also increases confidence
in the statistical and physical consistency of the developed regression models.
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All statistical analyses were performed using Design-Expert version 13:13.0.5.0 (Stat-
Ease) [43]. RSM-based experiments are typically designed and implemented in four stages:
(a) preparation, which defines the objectives, factors, and responses; (b) screening (pro-
cess characterization), which identifies the most influential variables; (c) optimization,
which aims to determine the optimal combination of factors to maximize or minimize
the desired responses; and (d) verification, which validates the predicted results through
confirming experiments.

4.2. RSM-BBD Optimization

The RSM study aimed to generate empirical models to predict and optimize three
objective functions: COP (Equation (47)), cooling capacity (Equation (21)), and ex-
ergy efficiency (Equation (54)), using key chiller heat exchanger driving temperatures
(Tgen; Teva; Tcon; Taps)- Table 2 summarizes the optimization variables and their associ-
ated ranges.

Table 2. DoE process variables with coded levels and ranges.

Symbol . Coded Coded Std.

Factor Name (Units) Min Max Low High Mean Dev.

A Generator Tgen 7800 8600 —1¢>7800  +1+¢>86.00 8200 2.62
temperature

B Evaporator Teva 250 650 —145 250 +1 4 6.50 450 131
temperature

C Absorber Tabe 3000 4000 1453000  +1+4>40.00  35.00 3.27
temperature

D Condenser Teon 30.00 4000  —14»3000  +14»4000 3500 3.27
temperature

These optimizations aimed to enhance system performance by maximizing the coef-
ficient of performance (COP), cooling capacity, and exergy efficiency. The Box-Behnken
Design (BBD) was used for the experimental runs, which included 29 sets of experiments.
The primary objective was to maximize the response variable by analyzing the interactions
between the components and the response. BBD is ideal for a limited number of factors
(typically three to five) and is favored for its simplicity and cost-effectiveness, as it requires
fewer factor levels and avoids extreme values compared to the central composite design [44].
Quadratic equations were used to investigate the interactive effects of input parameters and
responses. RSM, combined with ANOVA, was employed to create a regression model that
links the decision parameters to the output responses. The following equation represents
the general formulation of the RSM-built Box-Behnken Design (BBD) [45,46].

In this expression, the heat transfer rate between the control volume and its surround-
ings is represented by (Q), while (W) signifies the rate of work transfer.

1

n n n—1 n
Yi=Bo+ ) BiXi+ ) BuXiP+ Y. Y ByXiXj+e (58)
i=1 =1

i=1j=i+1

where Y; is the predicted response (e.g., COP, cooling capacity), 3, is a constant coefficient,
Bi, Bii and By are the linear, quadratic, and interaction coefficients, respectively, X; and X;
are the independent variables, and € is the statistical error.

To facilitate the construction of the design matrix and eliminate the influence of
different measurement units, the actual values of the independent variables (X;) were



Appl. Sci. 2025, 15, 11518

14 of 34

converted into dimensionless coded values (x;) ranging from —1 (low), through 0 (center),
to +1 (high). This transformation is performed using the following relationship:
_ Xi—Xg

where X; is the coded value of the i;y4, variable, X is its actual value, Xy is the actual value at
the center point, and AX is the step change value.

5. Model Validation

The accuracy of the model for the cooling cycle was validated by comparing the
simulation results with recent literature, particularly the theoretical analysis of the water—
LiBr system by Kaushik and Arora [47] and the experimental work of Florides et al. [48]. To
ensure a fair comparison, identical input parameters were used throughout the validation
process. Tables 3 and 4 present a comparative analysis between the theoretical predictions
and experimental data, highlighting the differences between the literature results and
those obtained from the current model. Based on this comparison, it is evident that both
validation approaches exhibit a strong agreement between the theoretical predictions and
the experimental observations, thereby confirming the reliability of the proposed model.

Table 3. Numerical verification of the ACH model.

Inputs Parameters Pa?:r:f:tl:rs Kaushik and Aurora [47] Il’\l;[is;zt De?/?:t(i)(l)l:((a"/o)
Tgen (°C) 878  Qgen (kW) 3095.70 3084 0.378
Taps (°C) 378 Qups (KW) 2945.27 2934 0.383
Teon (°C) 378 Qeon (kW) 2505.91 2507 0.043
Teva (°C) 7.2 Qeva (kW) 2355.45 2356 0.023
Nsrex (%) 70 Qgppx (KW) 518.72 525.8 1.365
My (kg-s™ 1) 1 COP 0.7609 0.764 0.407

Table 4. Experimental validation of the chiller model.

Inputs Parameters Output Florides Present AI.JS(.)lute
Parameters et al. [48] Model Deviation (%)
Tgen (°C) 90.00 Qgen (kW) 14.20 3084 0.378
Taps (°C) 34.90 Q.ps (kW) 13.42 2934 0.383
Teon (°C) 44.30 Qcon (kW) 10.78 2507 0.043
Teva (°C) 6.00 Qeva (kW) 10.00 10.00 —
W (kW) 0.29 0.29 —
Myef (kg-s™1) 0.053 cor 0.704 0.764 0.407

6. Results and Discussion

This section presents the simulation results for the proposed system. The initial
findings, under notional conditions, of the proposed unit (Figure 1) are summarized in
Section 6.1. Sections 6.2-6.7 provide detailed analysis of the chiller’s optimization. Finally,
Section 8 focuses on comparing the results of the current study with existing literature.

6.1. Pre-Optimization Results

This section presents the primary results of the absorption chiller, illustrating the
system’s performance under default operating conditions. These findings serve as a
baseline for comparison with the post-optimization outcomes.
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The key indicators considered include the coefficient of performance (COP), cooling
capacity (Qcool), and exergy efficiency (Nex). The input parameters, such as the driving
heat source temperature, mass flow rates, and operating temperatures of the main heat
exchangers, are outlined in Table 1. The corresponding results are summarized in Table 5.

Table 5. Performance of the absorption chiller.

Components Heat Transfer Rate (kW)  Heat Transfer Characteristics- Area Product (kW-C—1)
Generator Qgen =14.60 UAgen = 1.400
Condenser Qeva/Qeool = 11.09 UAgva = 3.503
Evaporator Q.ps = 14.03 UA, s = 3.455
Absorber Qeon = 11.66 UAcon = 2.364
Solution Heat Exchanger QSHEX =263 UAcon = -

Performance Indicators

Coefficient of Performance (COP) 0.7596

System COP (COPsys) 0.528

Exergy efficiency of the chiller (1) 0.3495

Exergy efficiency of the solar cooling system (1ey, sys) 0.042

Furthermore, the exergy analysis results are reported in this section. Figure 3 depicts
the exergy destruction rates for the absorption of the chiller’s components.

Refrigerant
Solution EV, 14.51% EV, 1.34% Generator , 17.14%

Solution Heat

Exch .49%
xchanger , 5.49% Evaporator, 7.25%

Condenser ,

0,
32.66% Absorber, 21.61%

Figure 3. Exergy destruction rates distribution within the absorption chiller.

The condenser experiences the highest exergy destruction, accounting for 32.66% of
the total exergy loss in the system. This result is expected, as the condenser typically
operates with a significant temperature difference between the working fluid and the
cooling medium, leading to increased irreversibilities and exergy losses. The absorber
follows with the second-highest exergy destruction rate, contributing 21.61% of the total.
This is due to the substantial temperature and concentration gradients inherent in the
absorption process, which result in major thermodynamic irreversibilities.

Following the absorber, the generator accounts for 17.14 of the total exergy destruction,
while the solution expansion valve contributes 14.51%. The evaporator and solution heat
exchanger account for 7.25% and 5.49%, respectively. The refrigerant expansion valve
and solution pump contribute the least to exergy destruction, at 1.34% and 0.00% (since
the values are rounded to two decimal places), respectively. Figure 4 compares exergy
losses and irreversibility ratios for the primary components of the single-effect water—LiBr
absorption chiller.
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EV pump
Exergy losses (kW) 0.8053 0.5327 0.4225 0.3576 0.1787 0.1353 0.0331 0.0001425
irreversibility ratio 0.3266 0.2161 0.1714 0.1451 0.0725 0.0549 0.01343 0.0000578

Figure 4. Exergy evaluation of the chiller.

The condenser experiences the highest exergy loss, estimated at 0.8053 kW, indicating
significant inefficiencies in the heat rejection system. These losses may be attributed to
factors such as high temperature variations, low thermal conductivity, fouling, or an
insufficient heat exchange area. Other sources of exergy destruction include the absorber
(0.5327 kW), generator (0.4225 kW), solution expansion valve (0.3576 kW), evaporator
(0.1787 kW), solution heat exchanger (SHX) (0.1353 kW), refrigerant expansion valve
(0.0331 kW), and the solution pump (1.425 x 10~* kW).

6.2. RSM-Built Regression Model

The regression model accurately represents the relationship between the dependent
and independent variables.

A 2% factorial design was constructed using Design-Expert Software (v13.0.5.0), with
simulation data generated from the EES V10.561 program. The inlet temperatures of the
generator, (Tgen), evaporator (Teva), absorber (T,p,s), and condenser (Tcon) were selected
as independent variables due to their direct influence on heat transfer, pressure levels,
and thermodynamic performance. The main output responses were COP, cooling capacity
(Quva/Qeool) and the exergy efficiency (ey)-

Table 6 presents the ranges of the independent variables and their corresponding responses
within the experimental design framework. It includes the 29 randomized runs performed at
different design points, representing the various combinations of input parameters.

Table 6. Design matrix: independent variables and system responses.

o Tgen Teva Tabs Tecon cor Qcool Mex
Run N °0) Re) °C) °C) ) W) (%)
1 78 2.5 35 35 0.6934 5.472 37.5
2 86 4.5 35 40 0.7334 9.539 31.88
3 78 4.5 35 30 0.782 12.5 38.25
4 86 2.5 35 35 0.7479 11.55 35.94
5 78 4.5 35 40 0.5782 2.671 28.28
6 82 6.5 35 40 0.7416 8.844 30.57
7 82 2.5 35 40 0.625 3.872 31.79
8 82 2.5 40 35 0.6389 3.781 32.49
9 78 6.5 35 35 0.7711 10.43 33.8
10 86 4.5 35 30 0.7859 17.75 34.16
11 82 4.5 35 35 0.7597 11.03 34.95
12 78 4.5 30 35 0.7856 13.71 38.43
13 86 6.5 35 35 0.7846 16.25 30.56
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Table 6. Cont.
o Tgen Teva Taps Teon cor Qool Nex
Run N 0) Q) 0 °0) ) (W) (%)
14 82 6.5 30 35 0.8065 19.42 33.24
15 86 4.5 40 35 0.7329 8.912 31.86
16 82 4.5 40 30 0.7584 10.32 34.89
17 82 4.5 35 35 0.7597 11.03 34.95
18 82 2.5 35 30 0.7685 12.95 39.09
19 82 45 30 40 0.7632 12.14 35.11
20 86 4.5 30 35 0.7918 19.35 34.42
21 82 2.5 30 35 0.7725 14.06 39.29
22 82 4.5 30 30 0.8064 20.72 37.1
23 82 4.5 35 35 0.7597 11.03 34.95
24 82 6.5 35 30 0.8007 17.64 33
25 82 4.5 35 35 0.7597 11.03 34.95
26 82 6.5 40 35 0.742 8.204 30.58
27 82 4.5 35 35 0.7597 11.03 34.95
28 82 4.5 40 40 0.3936 1.058 18.11
29 78 4.5 40 35 0.6029 2.675 29.49

The regression equations derived for each response in coded form are as follows:

COP = 0.7597 + 0.0303A + 0.0334B — 0.0714C — 0.0722D + 0.0378AD — 0.0804CD — 0.0308C> — 0.0380D?  (60)

Qcool = 11.03 +2.99A + 2.43B — 5.37C — 4.48D — 0.0645AB + 0.1493AC + 0.4045AD — 0.2343BC + 0.0705BD—
0.1705CD — 0.1563A2 + 0.0517B2 + 0.2863C2 — 0.2569D?

(61)

Nex = 0.3495 — 0.0058A — 0.0203B — 0.0335C — 0.0340D + 0.0159AC + 0.0192AD — 0.0370CD — 0.0142C2% —
0.0177D?

To improve model accuracy and achieve closer agreement between adjusted and

(62)

predicted squared values, both cooling and exergy efficiency regression models were

optimized using forward regression, excluding terms with p-values greater than 0.1.

6.3. ANOVA and Model Significance

Analysis of variance (ANOVA) was employed to evaluate the statistical significance of

the developed models and the influence of operating parameters. The ANOVA results are

summarized in Tables 7-9 for COP, cooling capacity, and exergy efficiency, respectively.

Table 7. ANOVA for the chiller COP.

Source Sum of Squares df Mean Square F-Value p-Value Remark
Model 0.1944 8 0.0243 21.21 <0.0001 Significant
A — Tgen 0.0110 1 0.0110 9.60 0.0057
B — Teva 0.0134 1 0.0134 11.66 0.0028
C — Taps 0.0612 1 0.0612 53.46 <0.0001
D — Teon 0.0626 1 0.0626 54.66 <0.0001
AD 0.0057 1 0.0057 5.00 0.0370
CD 0.0259 1 0.0259 22.57 0.0001
C? 0.0066 1 0.0066 5.72 0.0267
D? 0.0100 1 0.0100 8.71 0.0079
Residual 0.0229 20 0.0011
Lack of Fit 0.0229 16 0.0014
Pure Error 0.0000 4 0.0000
Cor Total 0.2173 28
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Table 8. ANOVA for the cooling generation capability.
Source Sum of Squares df Mean Square F-Value p-Value Remark
Model 767.41 14 54.82 44,636.19 <0.0001 Significant
A —Tgen 107.36 1 107.36 87,422.89 <0.0001
B — Teva 70.58 1 70.58 57,475.29 <0.0001
C — Taps 346.15 1 346.15 2.819 x 10° <0.0001
D — Tcon 240.81 1 240.81 1.961 x 10° <0.0001
AB 0.0166 1 0.0166 13.55 0.0025
AC 0.0891 1 0.0891 72.56 <0.0001
AD 0.6545 1 0.6545 532.95 <0.0001
BC 0.2195 1 0.2195 178.73 <0.0001
BD 0.0199 1 0.0199 16.19 0.0013
CD 0.1163 1 0.1163 94.69 <0.0001
A? 0.1584 1 0.1584 129.02 <0.0001
B2 0.0173 1 0.0173 14.12 0.0021
C? 0.5318 1 0.5318 433.05 <0.0001
D? 0.4281 1 0.4281 348.64 <0.0001
Residual 0.0172 14 0.0012
Lack of Fit 0.0172 10 0.0017
Pure Error 0.0000 4 0.0000
Cor Total 767.43 28
Table 9. ANOVA results for the exergy efficiency.
Source Sum of Squares df Mean Square F-Value p-Value Remark
Model 0.0437 9 0.0049 22.49 <0.0001 Significant
A — Tgen 0.0004 1 0.0004 1.85 0.1894
B — Teva 0.0049 1 0.0049 22.88 0.0001
C — Taps 0.0134 1 0.0134 62.26 <0.0001
D — Teon 0.0138 1 0.0138 64.07 <0.0001
AC 0.0010 1 0.0010 4.71 0.0428
AD 0.0015 1 0.0015 6.84 0.0170
CD 0.0055 1 0.0055 25.32 <0.0001
C? 0.0014 1 0.0014 6.42 0.0203
D? 0.0021 1 0.0021 9.95 0.0052
Residual 0.0041 19 0.0002
Lack of Fit 0.0041 15 0.0003
Pure Error 0.0000 4 0.0000
Cor Total 0.0478 28

In statistics, a highly significant model is indicated by a lower probability value
(p-value < 0.05) [49] and a greater Fisher test (F-test) value [50], suggesting a 95% confidence
level [51].

The F-value is a statistic calculated as the ratio of a source’s mean square to the residual
mean square, testing whether the variation explained by the model is significant relative
to unexplained variation. The associated p-value (Prob > F) quantifies the probability of
observing an F-value at least as extreme as the one calculated, assuming the null hypothesis
that there are no true factor effects, is correct. The p-values for all models are less than 0.0001,
indicating strong statistical significance at the 95% confidence level. The corresponding
F-values (21.21 for COP, 44,636.19 for Q..o and 22.49 for 1., ) further demonstrate their
robustness and reliability. The F- and p-values for the COP response (Table 7) show that the
linear terms are statistically significant (p < 0.05). Only AD and CD are substantial among
the interaction terms, while the quadratic terms AZ, B2, and C2 also contribute notably to the
model. For the second response, the cooling capacity (Table 8), all terms, A, B, C, D, AB, AC,
AD, BC, BD, CD, A2, B2, C2, and D? are statistically significant (p < 0.05), confirming their
contribution to the overall model significance. Regarding the final investigated response



Appl. Sci. 2025, 15, 11518

19 of 34

(Table 9), all model terms are found to be statistically significant except for the generator
temperature (A). Another approach to evaluating model reliability involves statistical indi-
cators such as R?, adjusted R?, predicted R?, and the coefficient of variation (CV), as shown
in Table 10. An R? approaching 1.0, combined with a difference of less than 0.2 between the
predicted and adjusted R?, further validates their adequacy [52]. According to [50] models
with R? values above 80% are generally deemed statistically significant.

Table 10. ANOVA-based fit metrics for system responses.

System Outputs COP 0 cool Nex
R squared (R?) 0.8946 1.0000 0.9142
Adjusted Rz(Ridj ) 0.8524 1.0000 0.8735
Predicted Rz(Rﬁrd ) 0.6667 0.9999 0.7155
Difference (Ridj — R;rd ) 0.1857 0.00001 0.158
Adequate Precision 19.4586 781.6910 20.5716
Coefficient of variation (%) 4.63 0.3186 4.37
Mean 0.7312 11 0.3361
Std. Dev. 0.0338 0.0350 0.0147

Table 10 shows that the models for all system outputs had high R? values (the pro-
portion of total variation explained by the model), high Adjusted R? values (a version
adjusted for the number of predictors to provide a more reliable quality indicator), and
high predicted R? values (a measure of how well the model predicts new observations),
confirming their strong predictive accuracy. The R? = 1.0000 results from the regression
analysis based entirely on deterministic simulation data from the thermodynamic model.
Because the input-output relationships are defined by exact equations without experi-
mental uncertainty, the fitted RSM model reproduces these data points perfectly, yielding
R? = 1.0000. This does not indicate overfitting but rather the numerical precision of the
simulation. The differences between adjusted R? and predicted R? values (0.1857, 0.00001,
and 0.158 for COP, Q.o and Ty, respectively) indicates good model consistency.

Furthermore, the adequate precision statistic measures the signal-to-noise ratio; a
value greater than 4 is generally desirable as it indicates a sufficient signal for the model to
be used to navigate the design space [50]. The adequate precision ratios (19.46, 781.69, and
20.57) exceed the minimum threshold of 4, validating the models’ robustness in exploring
the design space. In addition, the low coefficients of variation (4.63%, 0.32%, and 4.37%)
confirm excellent reproducibility [53]. The Coefficient of variation (C.V) is the ratio of the
standard error of the estimate to the mean value of the observed response, expressed as a
percentage. A lower C.V. value (typically below 10%) indicates better reproducibility and
reliability of the experiments [50]. Overall, these statistical indicators demonstrate that the
developed quadratic models are reliable, statistically significant, and suitable for accurate
performance prediction.

6.4. Statistical Model Assessment

Diagnostic plots from the ANOVA analysis were used to evaluate the relevance,
performance, and predictive accuracy of the BBD-RSM models. The most informative plots
are the predicted vs. actual and normal probability plots, presented for COP (Figure 5a,b),
cooling capacity (Figure 5¢,d), and exergy efficiency (Figure 5e,f).

The plots indicate that the developed models are adequate, with predicted values
closely matching the actual measurements. Linear regression fits between predicted and
actual values yielded R? values of 0.8946, 1.0000, and 0.9142, confirming the models” high
significance and excellent predictive capability. Minor divergences in the plots reflect
minimal inaccuracies, further validating the models’ robustness. The normal probability
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plots (Figure 5b,d,f) show data points roughly aligned along the diagonal, indicating
normally distributed residuals and supporting the models’ adequacy and reliability.
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Figure 5. Diagnostic plots of the developed empirical model equations: (a) Predicted versus actual
values for COP; (b) Normal probability plot of residuals for COP; (c) Predicted versus actual values
for cooling capacity; (d) Normal probability plot of residuals for cooling capacity; (e) Predicted versus
actual values for exergy efficiency; (f) Normal probability plot of residuals for exergy efficiency.
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6.5. Parametric Analysis: Interaction Effects of Key Process Variables

In this section, the effects of the selected decision variables, the main heat exchanger
temperatures, including those of the generator, evaporator, absorber, and condenser, on
the COP, cooling capacity, and total exergy efficiency are investigated. To explore the
interactions and mutual effects of these factors, two-dimensional (2D) contour plots and
three-dimensional (3D) response surface plots are employed. These graphical tools illustrate
the interaction between variable pairs while keeping the other parameters fixed at their
center (nominal) values.

6.5.1. Assessment of the Effect of Decision Variables on the System COP

The COP model identified two significant two-way interactions: T,ps — Tcon (CD) and
Tgen — Tcon (AD). These interactions were selected based on their strong model fit and
statistical significance. The CD interaction showed a significant negative impact (F = 22.57,
p = 0.0001), followed by the AD interaction (F = 5.00, p = 0.0370), highlighting the combined
effect of heat input and rejection.

Figure 6a,b illustrates the interaction between the selected variables and the COP. As
shown in the 2D contour plot (Figure 6a), the COP increases from approximately 0.5 in
the top-right to about 0.8 in the bottom-left region, indicating that both Tgen and Tcon
have a detrimental impact on performance. Increasing either temperature results in a
monotonic decrease in COP, suggesting that lower values improve efficiency. This tendency
is supported by the 3D surface plot Figure 6b, which slopes downward from the front-left
(low Tgen and Teon) to the back-right (high Tgen and Teon), indicating that optimal perfor-
mance occurs at minimal levels of both inputs. The absence of sharp curvature or inflection
indicates that the interaction between Tgen and Teon is relatively linear and smooth. As
shown in Figure 6a—d, when Tge, increases, the heat input to the generator rises more
rapidly than the cooling capacity, leading to a slight decrease in COP. This trend reflects
the intrinsic thermodynamic behavior of the single-effect LiBr-H,O cycle when analyzed
in isolation, with other operating temperatures kept constant. Physically, an increase in
both Tgen and Teon disrupts the thermodynamic balance of the cycle, amplifying exergy
destruction in key components and significantly reducing overall system performance.

The 2D contour plot (Figure 6¢) and 3D surface plot (Figure 6d) illustrates the variation
of the COP as a function of generator and condenser temperatures (Tgen — Tcon). The
response surface shows that the COP reaches its highest value of around 0.80 in the region
with the most favorable thermodynamic conditions for system operation, such as high
generator temperatures and low condenser temperatures (bottom-left zone). Physically,
increasing the generator temperature enhances refrigerant desorption, while decreasing
the condenser temperature improves condensation, both of which contribute to a higher
COP. Moving away from these optimal conditions leads to reduced thermal efficiency and
increased irreversibility, as indicated by the decreasing COP in the response surface plots.
Thus, precise control of both parameters is crucial for maximizing system performance.

The interaction between the remaining factors has been simplified because they have
no substantial effect on the system’s response (Equation (60)). The results in Table 6
indicate that the single-objective optimization for maximizing the system’s Coefficient of
Performance (COP) is achieved under specific conditions:

A: Generator temperature (Tgen) = 82 °C;
B: Evaporator temperature (Teva) = 6.5 °C;
C: Absorber temperature (T,ps) = 30 °C;
D: Condenser temperature (Tcon) = 35 °C.

Under these conditions, the system reaches its maximum COP of 0.8065.
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Figure 6. Interaction effects of decision variables on the chiller COP: (a) 2D contours of (Taps — Tcon);
(b) 3D contours of (Taps — Teon); (¢) 2D contours of (Tgen — Teon) 2D contours; (d) 3D contours of
(Tgen — Teon)-

6.5.2. Assessment of the Effect of Decision Variables on the System Chiller Generation
Capability

The interactions between the generator and condenser (AD) and the evaporator and
absorber (BC) significantly impact cooling capacity, with F-values of 532.95 and 178.73,
respectively (p < 0.0001). The contour and surface plots presented in Figure 7a,b illustrate
the variation in cooling capacity as a function of the interaction AD (Tgen — Tcon). The
response surface shows a linear and steady increase in cooling output from approximately
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D: Tcon (°C)

C: T abs (°C)

Q cool (kW)

5 to 17.5 kW, with the highest values occurring at higher generator temperatures and lower
condenser temperatures. This pattern aligns with the thermodynamic principles of absorp-
tion cycles: raising the generator temperature enhances refrigerant vaporization, while
lowering the condenser temperature facilitates more effective heat rejection, improving the
driving potential and boosting the system'’s cooling capacity. The optimal region is in the
bottom-right corner of the plot, where Tgen = 82.5-86 °C and Tcon = 30-32 °C and where
the cooling output reaches its maximum.

80

A: Tgen (°C)
(a)
Q cool (kW)

Q cool (kW)

4.5

2.5

|
3.5

34 3.5B: T eva (°C)

[
45 5.5 6.5 C:T abs(°C)

30 25
B: Teva (°C)

(©)

(d)

Figure 7. Interaction effects of decision variables on the chiller generation capability: (a) 2D contours

of (Tgen — Teon); (b) 3D contours of (Tgen — Teon); (¢) 2D contours of (Teva — Taps): (d) 3D contours of
(Teva - Tabs)~

Figure 7c,d illustrates the interaction effect of the temperature difference between

the evaporator and the absorber (Teya — Taps), evaluated at a generator temperature of
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81.50 °C and an absorber temperature of 34.30 °C. The results show that the proposed
system achieves its maximum cooling output, exceeding 18 kW, when the evaporator
operates at its highest temperature and the absorber at its lowest. The system’s cooling
capacity improves under the following conditions: (a) when the evaporator temperature
increases, allowing more heat to be absorbed as latent heat, and (b) when the absorber
temperature decreases, enhancing the efficiency of the absorption process. Together, these
conditions optimize the refrigerant cycle, increasing mass and heat transfer rates, and
maximizing cooling output, as shown in the plots. ANOVA results (Table 8) indicate
statistical significance for all main effects, two-way interactions (AB, AC, BD, and CD), and
quadratic terms (A2, B2, C?, and D?). The cooling output is particularly sensitive to the
absorber and condenser temperatures (T,ps and Tcon), the AD interaction, and the quadratic
components C2 and D?. The cooling capacity was optimized as a single objective, reaching
its maximum value under the specified working conditions: Tgen = 82 °C, Teva = 4.5 °C,
Taps =30 °C, and Teon = 30 °C, yielding an output of 20.72 kW.

6.5.3. Interaction Results of Decision Parameters on the Exergy Efficiency of the System

The exergy efficiency model highlights two significant interaction terms: absorber—
condenser (CD) and generator—condenser (AD). The CD interaction had the most substan-
tial statistical impact (F = 25.32, p < 0.0001), suggesting that increasing both absorption
and condensation temperatures simultaneously elevates system irreversibility. The AD
interaction (F = 6.84, p = 0.0170) revealed a moderate effect, suggesting that heat exchange
between the generator and condenser zones affects second-law performance. These pa-
rameters were considered to account for the interconnected thermodynamic effects in the
chiller cycle.

Figure 8a,b demonstrates the combined effect of T,ps and Tcon On the exergy efficiency
of the cooling system’s exergy efficiency at temperatures of 79.28 °C and 4 °C for Tgen and
Teva. Both the 2D contour and 3D surface plots show a clear monotonic decrease in exergy
efficiency as Tops and Teon improve.

At lower temperatures, the exergy efficiency peaks at around 38% but decreases to
approximately 25% as temperatures rise. This degradation is primarily due to a reduced
absorption driving force and decreased mass transfer at higher T, as well as poor heat
rejection and increased condensation pressure at higher Ton. The combined effect of
these factors increases entropy generation and absorber pressure, leading to synergistically
negative thermodynamic losses. The consistently downward-sloping 3D surface, with no
discernible local optima, reinforces the absence of non-linear benefits when adjusting the
various temperatures independently. These findings are consistent with previous research,
which has reported lower exergy and energy performances at high absorber and condenser
temperatures. Figure 8c,d show the interaction effect of Tgen and Tcon on the exergy
efficiency of the chiller. As previously mentioned, exergy efficiency improves at lower
condensing temperatures for lower generator temperatures. The optimal performance
occurs within a generator temperature range of around 95 °C and a condenser temperature
of 35 °C, where the system achieves a balance between driving force and thermal losses. The
2D contour plot illustrates that increasing the generator temperature beyond a certain point
decreases exergy efficiency, indicating thermal inefficiencies and reduced performance at
high input heat levels.

In contrast, higher condenser temperatures seem to increase cooling output, likely due
to enhanced condensation and improved system stability. The system achieves optimal
performance with a generator temperature range of 78 °C to 82.5 °C and a condenser tem-
perature range of 30 °C to 35 °C, where a balance between driving force and thermal losses
is reached. The 3D surface plot confirms this interaction by showing a decreasing surface



Appl. Sci. 2025, 15, 11518 25 of 34

gradient from the optimal region toward higher generator temperatures (Figure 8d). The
interactions among the other parameters have been simplified, with only the AC interaction
considered, as indicated by the statistical results in Table 8 and Equation (62). According
to the results presented in Table 6, the system’s exergy efficiency was maximized through
single-objective optimization, yielding the ideal combination of operating parameters:

e  A:Generator temperature (Tgen) = 82 °C;
e  B:Evaporator temperature (Teva) =2.5 °C;
e  C: Absorber temperature (T,ps) = 30 °C;

e D: Condenser temperature (Tcon) = 35 °C.

The optimized setup yields an exergy efficiency of 39.29%.

nex (%)

40

D: T con (°C)

30 32 34 36 38 40
C: Tabs (°C)

(@) (b)
n ex (%)

D: T con (°C)
nex (%)

78 80 82 84 86
A: T gen (°C)
() (d)

30 78

Figure 8. Interaction effects of decision variables on the exergy efficiency: (a) 2D contours of
(Tabs — Teon); (b) 3D contours of (Taps — Teon); (€) 2D contours of (Tgen — Teon) (d) 3D contours
Of (Tgen - TCOn)'
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6.6. Desirability-Based Multi-Objective Optimization of System Output

The desirability function approach is used in Response Surface Methodology (RSM)
for multi-objective optimization analysis. Each predicted response is converted into a di-
mensionless desirability value (d), which ranges from 0 (completely undesirable) to 1 (fully
desirable) [54]. As the desirability value rises, the associated response improves [55]. This
method simplifies multivariate optimization by reducing it to a single-objective problem.
The primary goal is to identify operating conditions that simultaneously satisfy multiple
response criteria while maximizing the overall desirability index. This section aims to
identify operating conditions that achieve (a) maximum COP, (b) maximum cooling output,
and (c) maximum exergy efficiency. To achieve this, the pairwise interactions of decision
variables are systematically analyzed. It is important to note that all input variables have
been set within their respective optimal ranges.

Figure 9 shows the desirability ramp graph, which represents the optimal input pa-
rameters and their corresponding output responses. Increasing generator and evaporator
temperatures improves COP, Qcool, and 1. In contrast, lower absorber and condenser tem-
peratures result in improved performance. Although the single-factor analysis indicated
that COP tends to decrease with increasing Tgen, the multi-objective optimization simul-
taneously considers the combined effects of Tgen, Teva, Taps, and Teon. Within the studied
range, the optimal trade-off occurs at a relatively higher generator temperature because
the higher driving potential enhances the overall cooling capacity and exergy efficiency,
thereby improving the global objective function. This does not contradict the individual
trend but reflects the interactive influence of multiple parameters in the RSM model.

Desirability
A:T gen 1

B:T eva 1
C:T abs 1
D:T con 1
COP 976692
Q cool 0.998145
n ex 0.888436
Combined 0.953219

I I I I I
0.000 0.250 0.500 0.750 1.000
Solution 1 out of 100

Figure 9. Desirability bar graph for the optimization case.

The optimal values for multi-objective optimization, a COP of 0.7969, a cooling capacity
of 20.68 kW, and an exergy efficiency of 36.93%, are achieved at a generator temperature
of 78 °C, an evaporator temperature of 6.5 °C, an absorber temperature of 30 °C, and a
condenser temperature of 30 °C. The objective of the multi-objective optimization process
is to identify a set of operating conditions that satisfactorily meet all performance criteria,
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rather than merely achieving a desirability value of 1. Desirability functions serve as a
mathematical tool to determine the most balanced and effective solution. Figure 9 displays
the value of the combined desirability function, with an overall desirability score of 0.953
achieved for the optimized responses.

The goal of the optimization process is to identify a set of operating conditions that
satisfy all performance requirements, rather than merely achieving a desirability value of
one. Desirability functions are mathematical tools that help pinpoint the most balanced
and effective solution. Figure 9 shows the combined desirability function, which resulted
in an overall desirability score of 0.953 for the optimal responses.

6.7. Post Analysis

To evaluate the regression models for the single-effect water—LiBr absorption chiller, a
confirmation test was conducted using Design-Expert’s point prediction tool. The optimal
conditions were applied as inputs, and the predicted values for COP, cooling capacity,
and exergy efficiency were compared with the model’s estimated outputs. As shown in
Table 11, all predicted values fall well within the 95% confidence interval, validating the
statistical reliability and accuracy of the RSM models. Since no experimental data were
available, the simulated outputs from EES V10.651 closely matched the RSM predictions,
and the minimal prediction error further confirms the consistency of both the simulation
and optimization models.

Table 11. Confirmation test results.

Output . Std. 95% 95% Within
Parameter Predicted Value Error CI Lower CI Upper CI?
COP 0.7971 0.0468 0.6995 0.8948 Yes
Cooling Capacity (kW) 20.6593 0.0617 20.5269 20.7916 Yes
Exergy Efficiency (%) 36.9371 2.1610 32.4140 41.4602 Yes

7. Literature-Based Performance Benchmarking

This study optimized a single-effect water-LiBr absorption chiller using key per-
formance indicators: the coefficient of performance (COP), cooling capacity, and exergy
efficiency. Under nominal operating conditions, the optimization resulted in significant
performance improvements, including an 86.5% increase in cooling capacity, a 4.9% rise in
COP, and a 5.7% improvement in exergy efficiency. These results validate the effectiveness
of the RSM-based optimization approach in enhancing heat output and overall energy
performance. To assess the robustness of the proposed optimization process, the present
findings were compared with recent studies in the literature under similar operating con-
ditions. Table 12 summarizes this comparison, highlighting that the optimized COP of
0.797 and exergy efficiency of 36.93% position the current system at the upper end of the
performance range for single-effect water-LiBr absorption chillers. As shown, previous
works such as those by Parham et al. [56], Al-Tahaineh [57], Kili¢ and Kaynakli [36], and
Kumar et al. [58] reported COP values between 0.75 and 0.95, while exergy efficiencies typi-
cally ranged from 25% to 36% depending on the operating temperatures and heat-source
characteristics. Similarly, Shehadi [59], and Saoud et al. [31] achieved comparable COP
values at moderate generator temperatures, though often with lower exergetic performance
due to heat loss assumptions and non-optimized design parameters.

Recent investigations, including Zhao et al. [60] and Tawalbeh et al. [61], further
confirm that COP values between 0.70 and 0.80 are typical for low-grade or geothermal-
driven systems operating with generator temperatures below 90 °C. The present study’s
results are therefore consistent with, and in some cases superior to, these recent findings.
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Moreover, by maintaining a moderate generator temperature of 78 °C, the system preserves
high thermodynamic efficiency while remaining suitable for integration with low-grade
or solar thermal energy sources. The combination of a balanced COP and high exergy
efficiency demonstrates that the proposed RSM-based optimization provides an effective
trade-off between energy performance and practical applicability.

Table 12. Comparison of the current optimization with literature studies.

Study g e TCTO:‘*(’g’C) COP () Qoo (kW) Mex (%)
Parham et al. [56] 46.2 15 30/30 0.90 N.A.! 32.99
Al-Tahaineh [57] 90 5-10 N.A.1  075-0.81 10 kW ~35-36

Shehadi [59] 70-85 10 30 0.776 N.A.1 N.A.1
Kilic & Kaynakli [36] 80-95 5-10 30-40  0.75-0.80 N.A.1 25-35
Kumar et al. [58]. 95 7 25/40 0.947 N.A.1 21.80

Saoud et al. [31]. 82 45 35 0.749 11.03 62.2
Zaho et al. [60] ~90 N.A. L N.A.1 0.795 N.A. L N.A.L
Tawalbeh et al. [61]. ~80-100 N.A.1 N.A.1 ~0.70 ~16 N.A.1
This study 78 6.5 30 0.797 20.68 36.93

1 Not Available.

In addition to thermodynamic optimization, the overall feasibility of a solar-driven
absorption cooling system is strongly influenced by the solar collector area and its associated
cost. Increasing the collector surface improves the available driving heat and enhances
the cooling capacity; however, it also raises installation and maintenance costs, potentially
lowering the system’s economic attractiveness. A sensitivity analysis conducted on the
collector area indicates that beyond a certain threshold, the gain in performance (COP and
cooling capacity) becomes marginal relative to the cost increase. Therefore, identifying an
optimal balance between thermal performance and collector investment is essential for
the practical deployment of solar absorption chillers. Future work will include detailed
thermo-economic optimization to assess payback periods and system cost-effectiveness.

8. Conclusions, Limitations, and Recommendations

A clean energy-based, solar-powered absorption cooling system is being developed
to enhance energy efficiency and environmental sustainability. The system leverages
evacuated flat plate collectors to supply thermal energy to a stratified tank, which then
drives a water—LiBr absorption chiller for cooling in small-to-medium-sized buildings. A
multi-objective optimization framework based on Response Surface Methodology (RSM)
was used to estimate the system’s optimal performance. The input parameters—namely,
the inlet temperatures of the heat exchangers, including those of the generator (Tgen),
evaporator (Teva), absorber (T ,..), and condenser (Tcon) were defined according to the
RSM design structure. The objective functions selected for optimization included the
coefficient of performance (COP), cooling capacity (Quoo1), and exergy efficiency (1ey). The
experimental design was structured using the Box-Behnken method. The key findings of
this work can be summarized as follows:

e ANOVA analysis yielded regression models with good prediction accuracy for COP,
Q.oo1 » and 1, Diagnostic plots, including predicted vs. actual and normal probability
charts, confirmed the models” accuracy and statistical reliability.

e T, and Teon were identified as the most influential parameters across all responses.
Teva also showed a consistent and significant effect, while Tgen had a notable impact
on Qcool and COP, but it was not statistically significant for ne,.

e  For COP evaluation, the interactions Typs — Tcon and Tgen—Tcon have significant
p-values but low F-values, indicating limited relevance. Nonetheless, a low absorber



Appl. Sci. 2025, 15, 11518

29 of 34

and condenser temperature, combined with a high generator temperature, results in
an optimal COP of 0.8065.

e Through single-objective optimization, the system is configured for maximum at
low condensing and absorbing temperatures, and high generator and evaporator
temperatures, yielding 20.72 kW under the conditions: Tgen = 82 °C, Teva = 4.5 °C,
Taps =30 °C, and Tcon = 30 °C.

e  The single-objective optimization for exergy efficiency identifies the optimal conditions
at: Tgen = 82 °C, Teva = 2.5 °C, T, = 30 °C, and Teon = 35 °C, yielding an exergy
efficiency of 39.29%.

e In the multi-objective optimization, the RSM optimizer predicts optimal values of

COP = 0.7969, Qcoo1 = 20.68 kW, and ¢, = 36.93%, corresponding to Tgen = 78 °C,
Teva = 6.5 °C, Typs = 30 °C, and Teon = 30 °C.

e The composite desirability is relatively high (=0.953), indicating that the selected
settings yield favorable outcomes across all responses.

These findings provide a foundation for the implementation of a solar-powered water—
LiBr absorption chiller, offering valuable insights into optimizing energy and exergy per-
formance under real-world conditions. This contributes to improving the efficiency and
sustainability of solar cooling systems. However, the study is limited to steady-state en-
ergy and exergy analyses, excluding transient behavior and dynamic operating scenarios.
Additionally, optimization focuses on a limited set of input variables, without consider-
ing broader aspects like system cost and environmental impact. Future research should
expand to include dynamic performance, along with integrated economic and environ-
mental evaluations, for a more comprehensive system assessment. The proposed model is
based on several simplifying assumptions. Steady-state operation was assumed, neglecting
transient effects and short-term fluctuations in system behavior. Heat losses in pipes and
auxiliary components were considered negligible, and solar input was treated as constant,
ignoring daily and seasonal variations in irradiance. In addition, uncertainties related to
thermophysical property correlations and numerical convergence may slightly affect the
predicted values. While these assumptions are typical in thermodynamic simulations, they
may introduce minor deviations from experimental data. Future work will address these
limitations by incorporating transient analysis, detailed thermal losses, and refined prop-
erty models to further improve prediction accuracy. The essential next step is to correlate
the model’s predictions with experimental data from a dedicated pilot system. This will
serve to calibrate the model, quantify its real-world performance, and identify any areas
requiring refinement.
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Nomenclature
Acon Collecting Area, m?
bgby, b;, bii, bjj Regression coefficients for the interception,
linear, quadratic, and interaction terms
Cp Specific heat capacity, kJ-kg =1 -K~!
Mo Solar collector mass flow rate, kg-s~!
Mgt Mass of water in storage tank, kg
Qsol Solar energy input, kW
Qu Heat input to the ST, kW
Exph Physical exergy
Giot Solar irradiation, W - m~2
Q thermal heat rate, kKW
R? Coefficient of regression
Ridj Adjusted coefficient of regression
Rérd Predicted Coefficient of regression
Tei Inlet temperature of the cold side, °C
Th; Inlet temperature of the hot side, °C
Te; Outlet temperature of the hot side, °C
Tho Outlet temperature of the cold side, °C
Ugt Heat transfer coefficient, W-m—2-K~1
Lgt Tank Length, m
Vit Tank Volume, m®
Xi, X Independent input parameter
Y; Predicted value of the response
h Specific fluid enthalpy, k]-kg_1
Ncoll Number of collectors
P Pressure, kPa
s Specific entropy, kJ-kg ™!
T Temperature, °C
Tamb Ambient Temperature, °C
Tf,moy Mean temperature of the working fluid, °C
Tsun Sun Temperature, K
UA Area product, kw-eC1
X Lithium Bromide concentration, -
Xo Center point Value
Xi Actual (uncoded) value
X Coded value of the i-th variable
Xi, X Independent variables
Greek Symbol
Mo Optical efficiency (zero-order coefficient) of the collector, —
Bo Offset term
€ Statical error
- Exergy
AX Step change corresponding to one coded unit of the i-th variable
€ SHX Effectiveness, %
n Efficiency, %
p Density, kg/ m3
n Number of factors
p Regression coefficient
Abbreviations
abs Absorber

AC Absorption chiller
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amb Ambient
ANOVA Analysis of Variance
BBD Box-Behnken Design
C.V. Coefficient of variation
con Condenser
Cool Cooling output
(€0) Coefficient of performance
COR Coefficient of regression
Df Degree of freedom
DoE Design of Experiments
EES Engineering Equation Solver
EFPC Evacuated Flat Plate Collector
eva Evaporator
ex Exergy
f Fluid
gen Generator
H,O-LiBr Water-Lithium bromide
HTF Heat Transfer Fluid
in Inlet, input
is Isentropic
LMTD Log mean temperature difference, °C
out, e Outlet, output
ref Refrigerant (H,O)
REV Refrigerant Expansion Valve
RSM Response Surface Methodology
SCR Solution Circulation Ratio
SEV Solution Expansion Valve
SHEX Solution Heat Exchanger
sol Solar
SP Solution Pump
st Storage tank
str Strong solution (LiBr)
Subscripts and Superscripts
tot Total
wi Working fluid
ws Weak solution
dst Destruction
th Thermal
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