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Abstract 

This study presents an integrated technical and economic assessment of solar-assisted absorption and thermoelectric 

air-conditioning technologies for residential cooling applications. A comprehensive methodology combining 

mathematical modelling, experimental characterization of thermoelectric modules, numerical simulation, and 

economic optimization was developed to evaluate the performance of both cooling systems. The solar-assisted 

system employs single-effect LiBr–H₂O absorption chillers operating under water-cooled and air-cooled 

configurations, simulated using TRNSYS and Engineering Equation Solver (EES), while the thermoelectric air-

conditioning system was analysed using experimentally determined module characteristics. The proposed economic 

optimization is based on the Economic Total Cooling Capacity (ETCC), which simultaneously considers cooling 

performance, investment cost, and operating cost. The results indicate that the optimum water-cooled solar 

absorption system requires an 18 m² evacuated-tube collector field and a 1.26 m³ thermal storage tank, providing 

approximately 55% of the annual cooling energy demand, whereas the air-cooled configuration requires a 16 m² 

collector area and a 0.98 m³ storage tank with nearly 45% solar energy contribution. For the thermoelectric system, 

the optimized operating conditions improve the balance between cooling capacity and lifecycle cost, demonstrating 

that maximum economic performance is achieved below the maximum cooling capacity and that the system can be 

overloaded by approximately 32% under reference conditions without significant economic penalty. The novelty of 

this work lies in the development of a unified technical-economic framework integrating solar-assisted absorption 

cooling and thermoelectric air-conditioning with experimental validation and ETCC-based optimization. The 

proposed methodology provides practical design guidelines for developing energy-efficient, environmentally 

friendly, and economically viable residential air-conditioning systems while reducing electricity consumption and 

dependence on conventional refrigerants. 
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1. Introduction 

Over the past few decades, the use of electricity-driven air-conditioning units has surged, causing a sharp rise in 

fossil fuel consumption and, in many countries especially hot regions frequent grid overloads during summer peak 

demand. In 1996, small air-conditioners (up to 12 kW cooling capacity) consumed roughly 11,000 GWh of primary 

energy; this figure was projected to quadruple by 2020. At the same time, particularly over the last ten years, 

extensive research has focused on cutting or eliminating environmentally harmful refrigerants and on technologies 

that lower the electric energy required for cooling [1]. This trend has created a market for thermally driven chillers. 

A key benefit is that peak seasonal cooling demand aligns with periods of high solar radiation. The first solar-

assisted absorption chiller was demonstrated using the technique developed by Edmond Carré. Two main factors 

explain the growing interest: worsening environmental impacts from fossil-fuel electricity used by conventional 

compression chillers, and the substantially improved conditions for adopting solar technology compared with earlier 

times. For solar-assisted air-conditioning using conventional collectors (flat-plate and evacuated-tube), single-effect 

absorption chillers cooled by either air or water are the most appropriate option because they operate with relatively 

low-temperature heat input while delivering reasonable performance, with COPs typically between 0.7 and 0.9. 

Chillers that use aqueous lithium bromide (LiBr) solutions are commercially available at low capacities, beginning 

around 4 kW, making them suitable for a range of buildings from single-family homes to large commercial facilities. 

The selection of the LiBr/water working pair is justified by the following reasons [2]. For the single-effect chiller 

considered here, driver fluid temperatures only slightly above 105 °C levels that evacuated-tube collectors can 

provide are adequate. Prior studies have also shown that LiBr/water machines outperform water/ammonia systems. 

Moreover, since air-conditioning does not require evaporation temperatures below 5 °C, water can be used as the 

refrigerant. This study examines the technical and economic viability of a solar-driven air-conditioning system 

through mathematical modeling and numerical simulation. Simulations were carried out with TRNSYS for solar 

applications and the general-purpose algebraic solver EES. Two single-effect LiBr–H2O absorption chillers, cooled 

either by air or by water, were sized for a typical middle-class home (175 m²) under the given climate [3]. The solar-

assisted system includes the chiller, a field of evacuated-tube collectors, a gas-fired auxiliary heater, a hot-water 

storage tank, and fan-coil units for space conditioning. 

In many parts of the world, ambient temperatures often rise well above comfortable levels, making room air 

conditioning necessary for comfortable living and working environments. Keeping indoor temperatures within the 

thermal comfort range improves well-being and productivity. Climate control is also critical in heavy machinery and 

transport, where personnel may be exposed to extreme conditions for extended periods. For occupant comfort, 

systems should usually be compact, portable, and quiet attributes that thermoelectric coolers (TECs) can provide. 

The electric vehicle industry has similar requirements [4]. Relevant reports show that in many countries, household 

spending on room air conditioning represents a substantial portion of electricity bills. Air-conditioner use also 

significantly affects global warming. Climate impacts arise not only from the electricity consumed for cooling but 

also from refrigerants like CFCs and HCFCs, which amplify the greenhouse effect. The study finds that energy use 

is higher in cities and is influenced more by the number of households than by total population. This has prompted 

organizations, including the United Nations, to pursue measures to curb electricity consumption. Concurrently, 

research aims to quantify cooling demand and optimize its use, particularly by incorporating comfort metrics. 

Advanced control strategies and algorithms can improve cooling efficiency, and these gains apply to both stationary 

systems and passenger vehicles. 

Conventional room-cooling systems, whether portable or wall-mounted, primarily rely on compressor-based air 

conditioners operating on the refrigeration cycle. Thermoelectric modules offer a potential alternative to these 

traditional systems. In a thermoelectric module powered by electricity, a temperature gradient is produced by 

absorbing heat through the Peltier effect at one junction and releasing it at the opposite junction. These modules 

generally consist of two dissimilar materials possessing suitable thermoelectric properties, connected electrically in 

a series–parallel arrangement while remaining thermally connected in parallel [5]. The module structure comprises 

legs made from the two different materials, positioned between ceramic plates that serve as the outer covering. The 

use of thermoelectric devices in zero-emission buildings, particularly for air-conditioning applications, has attracted 

considerable attention. An experimental investigation of a solar-powered thermoelectric air-conditioning system 

integrated with hot water production has been reported. The results demonstrated a relatively high coefficient of 



performance (COP) when simultaneously providing space cooling and water heating. Dongxu et al. addressed the 

simulation and optimization of the internal configuration of thermoelectric elements used in air-conditioning 

systems. A comparable study focusing on transient operating conditions has also been presented in the literature. 

Studies have been reported on systems that integrate thermoelectric modules into ceilings in conjunction with room 

ventilation and airflow management, as well as systems that combine thermoelectric technology with solar energy 

sources. Yilmazoglu conducted experimental investigations on a prototype thermoelectric HVAC system comprising 

a thermoelectric module and heat radiators installed within ventilation ducts. The experimental setup employed a 

single thermoelectric cooler (TEC), and observations were made regarding the airflow characteristics and thermal 

performance of the system.  

The internal configuration of thermoelectric modules can be further enhanced through optimization, including the 

adoption of unconventional leg geometries. Several innovative non-planar thermoelectric module designs have been 

reported in the literature [6]. The authors of another study investigated multistage refrigeration systems employing 

thermoelectric coolers (TECs). Attar and Lee proposed a thermoelectric air-conditioning system incorporating air-

to-air heat exchangers for automotive applications and optimized its performance by varying the electric current and 

the number of thermoelectric modules. Sun et al. introduced a novel radiant heating terminal integrated with a TEC 

and evaluated its performance under actual operating conditions. The proposed system was found to operate more 

efficiently and achieve the desired conditions more rapidly than conventional systems. Significant progress is 

currently being made in the development of advanced thermoelectric materials, which is expected to lead to the 

availability of more efficient thermoelectric modules in the future. A comprehensive review of thermoelectric 

modules and their diverse applications has been presented in the literature. The heat absorbed by a thermoelectric 

module must be removed from the conditioned space and dissipated to the surrounding environment. This process is 

commonly accomplished using finned radiators assisted by fans, sometimes with the aid of a liquid coolant that 

transfers heat between the thermoelectric cooler (TEC) and the radiator. Effective heat removal can only be achieved 

when the radiators possess sufficient heat-transfer capacity. The heat-transfer medium may be either liquid water or 

a phase change material (PCM) that utilizes latent heat during phase transitions [7]. The selection of an air-

conditioning system for a particular application should not be based solely on the coefficient of performance (COP) 

of the unit and the cooling load required to maintain a specified temperature. It is also essential to consider the 

system’s operational behavior, energy consumption over a complete 24-hour period, and the associated investment 

costs. A key aspect of such analyses is the determination of peak power demand while accounting for the thermal 

storage capacity and dynamic thermal response of the building. In integrated systems incorporating multiple chillers, 

the control strategies used to regulate each unit and achieve optimal operating conditions can be highly advanced 

and complex. To improve energy efficiency, the heat rejected by the air-conditioner condenser (outdoor heat 

exchanger) can be recovered and utilized for applications such as domestic water heating instead of being 

discharged into the environment. The concept of partial energy recovery from air-conditioning systems, along with 

indoor humidity regulation, has been discussed in the literature [8]. Luqman and Al-Ansari also proposed an 

innovative approach for using air-conditioning systems to generate clean water. Notably, this technique can be 

implemented irrespective of the specific type of air-conditioning system employed. 

Most air-conditioning systems currently in use operate through compressors powered by mechanical energy, which 

is typically supplied by an electric motor. This principle applies to vehicle air-conditioning units, large-scale 

industrial cooling systems, and domestic air-conditioning appliances. The present study concentrates on smaller air-

conditioning units designed for residential applications, with particular attention given to portable air conditioners 

that are housed entirely within a single self-contained enclosure. A major challenge associated with these devices is 

the removal of heat from the conditioned space to the external environment. This is commonly accomplished by 

expelling heated air outside the room through an attached exhaust duct, often in the form of a flexible corrugated 

hose. Furthermore, these air conditioners often produce relatively high noise levels during operation, while also 

being bulky and heavy due to their large housing [9]. Many of the drawbacks associated with conventional 

compressor-based air-conditioning systems can be addressed through the use of thermoelectric technology. 

Thermoelectric systems can be effectively employed in buildings, heavy equipment such as cranes, and electric 

vehicles for applications including cabin climate regulation and seat cooling. They are also well suited for situations 

requiring accurate temperature control. In addition to their versatility, thermoelectric systems feature a simple design 

and operate without the need for environmentally harmful refrigerants, making them an attractive alternative to 

traditional cooling technologies. In addition, the system can be easily and continuously regulated by adjusting the 

supplied electric current. This study proposes a thermoelectric air-conditioning system in which a group of 

thermoelectric modules functions as the heat pump. Heat is extracted from the conditioned space and rejected to the 



surrounding environment through an environmentally benign working fluid, such as water, in combination with heat 

exchangers located on both sides of the system. The performance of the proposed configuration was evaluated from 

both technical and economic perspectives, and the system design was optimized to maximize the overall economic 

viability of the solution. Since the coefficient of performance (COP) reflects only the efficiency of the system, a new 

metric termed Economic Total Cooling Capacity (ETCC) was introduced to account for both investment and 

operating costs over a specified period [10]. The analysis was carried out using commercially available 

thermoelectric modules, whose performance characteristics were determined through experimental measurements. 

To the best of the authors’ knowledge, such a comprehensive evaluation has not been reported previously. The 

findings provide valuable insight into the feasibility and economic justification of developing and operating the 

proposed thermoelectric cooler (TEC)-based air-conditioning system. 

1.1. Limitations of Existing Technologies and Scope of the Present Work 

Conventional vapor-compression air-conditioning systems are widely used because of their high cooling 

capacity and mature technology; however, they suffer from high electricity consumption, dependence on 

fossil-fuel-based power generation, peak-load demand on electrical grids, and the use of refrigerants with 

significant environmental impacts. Solar-assisted absorption cooling systems offer a sustainable alternative 

but are constrained by their high initial investment, dependence on solar radiation availability, large 

collector and thermal storage requirements, and relatively low economic feasibility for small residential 

applications. Similarly, thermoelectric cooling systems provide advantages such as compact size, silent 

operation, precise temperature control, scalability, and the absence of environmentally harmful refrigerants;         

however, their relatively low coefficient of performance (COP), limited cooling capacity, high material cost, 

and sensitivity to heat exchanger performance restrict their widespread application. Moreover, most 

previous studies have focused either on the technical performance or on the economic aspects of these 

technologies individually, while comprehensive optimization considering both technical and economic 

criteria remains limited. To address these shortcomings, the present study develops an integrated technical-

economic assessment framework for solar-assisted absorption and thermoelectric air-conditioning systems, 

incorporating mathematical modelling, experimental validation of thermoelectric module characteristics, 

numerical simulation, and economic optimization using the Economic Total Cooling Capacity (ETCC) 

criterion. This approach enables the selection of optimal system configurations that simultaneously improve 

energy efficiency and economic viability for residential cooling applications. 

1.2. Limitations of the Present Work 

Although the proposed methodology provides a comprehensive technical and economic assessment of 

solar-assisted and thermoelectric air-conditioning systems, several limitations remain. The analysis is based 

on numerical simulations supported by experimental characterization of commercially available 

thermoelectric modules rather than a full-scale integrated prototype. The solar-assisted system is evaluated 

under a specific climatic condition and residential building configuration, which may influence its 

applicability to other geographical regions or building types. Economic analysis is performed using 

assumed market prices, electricity tariffs, and operating conditions that may vary over time and across 

locations. In addition, the study considers steady-state operating conditions for most simulations and does 

not include long-term degradation of thermoelectric modules, collector performance, maintenance 

uncertainties, or dynamic control strategies. Future research should include large-scale experimental 

validation, multi-climate analysis, life-cycle assessment, and intelligent control algorithms to further 

improve the practical applicability and reliability of the proposed system. 

1.3. Research Gap 

Despite significant progress in solar-assisted absorption cooling and thermoelectric air-conditioning technologies, 

several research gaps remain. Most previous studies have focused on either the thermal performance of solar-

assisted absorption systems or the operational characteristics of thermoelectric cooling devices independently, with 

limited efforts toward integrating both technologies within a unified technical and economic assessment framework. 

Furthermore, existing research primarily emphasizes energy performance indicators such as cooling capacity and 

coefficient of performance (COP), while comparatively less attention has been given to comprehensive economic 



optimization that simultaneously considers investment cost, operating cost, and long-term system performance. In 

addition, many reported studies rely solely on numerical simulations without experimental validation of 

thermoelectric module characteristics, resulting in uncertainties in practical system performance. The optimization 

of key design parameters, including collector area, thermal storage capacity, number of thermoelectric modules, 

operating current, and heat exchanger characteristics under realistic residential operating conditions, has also 

received limited attention. Moreover, the practical feasibility of environmentally friendly air-conditioning systems 

that minimize electricity consumption and eliminate harmful refrigerants has not been comprehensively investigated. 

Therefore, there is a need for an integrated methodology that combines experimental validation, mathematical 

modelling, technical performance analysis, and economic optimization to support the design of sustainable and cost-

effective air-conditioning systems. 

1.4. Novelty of the Present Study 

The present work addresses the above research gaps by developing an integrated framework for the technical and 

economic assessment of solar-assisted absorption and thermoelectric air-conditioning systems. The proposed 

methodology combines mathematical modelling, experimental characterization of commercially available 

thermoelectric modules, TRNSYS-based solar system simulation, EES-based absorption chiller modelling, and 

economic optimization using the Economic Total Cooling Capacity (ETCC) criterion. The study further compares 

water-cooled and air-cooled absorption chillers, identifies optimum collector area and thermal storage capacity, and 

determines the optimum operating conditions for thermoelectric cooling systems by considering both technical 

performance and life-cycle cost. This comprehensive approach provides a practical guideline for designing energy-

efficient, environmentally friendly, and economically viable residential air-conditioning systems. Comparative 

analysis of different studies mentioned in table 1. 

Table 1. Comparative analysis of the proposed work with previous studies 

Ref. Reported Work Major Focus 
Limitations of Existing 

Work 

Advantages of the Proposed 

Study 

Mao et al. [1] 

Building energy-

saving air-

conditioning system 

Building thermal 

comfort and 

energy efficiency 

Focused only on 

building energy 

performance; no 

economic optimization 

or renewable integration 

Integrates renewable solar 

cooling with detailed 

technical and economic 

optimization. 

Mei and Xia 

[2,10] 

Predictive and 

hierarchical control 

of air-conditioning 

systems 

Control strategy 

for energy-

efficient cooling 

Limited to conventional 

vapor-compression 

systems; no 

thermoelectric or solar-

assisted analysis 

Develops an integrated solar-

assisted and thermoelectric 

cooling framework with 

economic assessment. 

Liu et al. 

[14,17] 

Solar thermoelectric 

air-conditioning 

system 

Experimental 

evaluation of 

solar-powered 

TEC cooling 

No comprehensive 

economic optimization 

or residential system 

design 

Includes experimental 

validation together with 

lifecycle economic 

optimization (ETCC). 

Dongxu et al. 

[15] 

Geometry 

optimization of 

thermoelectric 

modules 

Optimization of 

TEC internal 

geometry 

Limited to module-level 

optimization; system-

level analysis absent 

Optimizes the complete air-

conditioning system 

including modules, radiators, 

operating current, and cost. 

Attar and Lee 

[24] 

Automotive 

thermoelectric air-

conditioner 

Design 

optimization for 

vehicle cooling 

Applicable only to 

automotive 

applications; no solar 

Extends thermoelectric 

optimization to residential 

cooling and combines it with 

solar-assisted absorption 



Ref. Reported Work Major Focus 
Limitations of Existing 

Work 

Advantages of the Proposed 

Study 

integration technology. 

Martinez et 

al. [12,13] 

Thermoelectric heat 

pumps for nearly 

zero-energy 

buildings 

Simulation of 

thermoelectric 

heat pumps 

Focuses mainly on 

thermal performance; 

economic evaluation 

not included 

Simultaneously evaluates 

technical performance, 

experimental validation, and 

economic feasibility. 

Provensi and 

Barbosa [23] 

Multi-stage 

thermoelectric 

cooling optimization 

Performance 

enhancement of 

TEC cooling 

No comparison with 

solar-assisted 

absorption systems or 

practical economic 

analysis 

Compares thermoelectric and 

solar-assisted cooling 

technologies under a unified 

assessment framework. 

Present Study 

Integrated technical-

economic assessment 

of solar-assisted and 

thermoelectric air-

conditioning systems 

Mathematical 

modelling, 

experimental 

validation, 

TRNSYS 

simulation, EES 

analysis, and 

ETCC-based 

optimization 

Addresses both 

technical and economic 

aspects simultaneously 

Novel integrated framework 

combining solar-assisted 

absorption cooling and 

thermoelectric air-

conditioning, experimental 

validation, optimization of 

collector area, storage tank, 

TEC configuration, 

operating current, and 

lifecycle cost. Provides 

practical design guidelines 

for sustainable residential 

cooling. 

 

Development of a unified technical-economic assessment framework for both solar-assisted absorption and 

thermoelectric air-conditioning systems. Experimental characterization and validation of commercially available 

thermoelectric modules for accurate system modelling. Integration of TRNSYS and Engineering Equation Solver 

(EES) simulations for comprehensive system analysis. Introduction of the Economic Total Cooling Capacity 

(ETCC) as an optimization criterion considering both investment and operating costs. Simultaneous optimization of 

solar collector area, thermal storage capacity, thermoelectric module configuration, operating current, and heat 

exchanger performance. Comparative evaluation of water-cooled and air-cooled LiBr–H₂O absorption chillers under 

identical residential operating conditions. Provision of practical design recommendations for energy-efficient, 

environmentally friendly, and economically viable residential air-conditioning systems. 

2. Mathematical model  

2.1. LiBr-water absorption machine  

The operating principle of an absorption refrigeration system (Ta) resembles that of a vapor-compression 

refrigeration cycle, particularly in terms of its main components, namely the evaporator and condenser. In the 

evaporator, the refrigerant (water) undergoes evaporation, thereby generating the desired cooling effect. The 

resulting refrigerant vapor (3) then enters the absorber, where it is absorbed by a concentrated lithium bromide (LiBr) 

solution returning from the generator (10) [11]. The diluted solution leaving the absorber (4) is subsequently 

pumped (5) through a regenerative solution heat exchanger, where it is preheated (6) before entering the generator. 

Within the generator, the solution is heated to a temperature above its boiling point, causing the refrigerant vapor to 

separate and be released (7). The concentrated solution (8) is then returned to the absorber. Meanwhile, the 

refrigerant vapor released from the generator (7) enters the condenser, where it undergoes condensation. The 



resulting liquid refrigerant (1) subsequently passes through an expansion valve, which lowers its pressure and causes 

partial evaporation, leading to a significant reduction in temperature. The refrigerant then enters the evaporator (2), 

where the evaporation process is completed, producing the desired cooling effect. Both the absorber and condenser 

may be cooled either by air or water; when water cooling is employed, a cooling tower is typically required to 

sustain the heat rejection process [12]. In lithium bromide–water absorption chillers, salt crystallization can occur at 

high solution concentrations and low temperatures, particularly in the concentrated solution stream flowing toward 

the absorber after being cooled in the solution heat exchanger. As discussed later in this study, this issue can be 

prevented by identifying and maintaining suitable operating conditions within this section of the system, thereby 

ensuring that crystallization does not take place. 

 

Figure 1 Solar-assisted air conditioning installation using H2O/LiBr absorption chiller [13]. 

The present analysis focuses on an air-conditioning system incorporating thermoelectric modules. It is assumed that 

heat reservoirs are located on both sides of the modules, with heat being transported to and from radiators by a 

circulating liquid that exchanges thermal energy with the surrounding environment. A schematic representation of 

the investigated air-conditioning system is shown in Figure 1. Based on this configuration, a mathematical model of 

the system was developed [14]. Owing to the thermoelectric Peltier effect, heat is extracted from the conditioned 

space at an indoor temperature Tin and transferred to the external environment at an outdoor temperature Tout. The 

processes of heat removal from the cooled space and heat rejection to the surroundings are governed by the heat-

transfer coefficients HTFin and HTFout, respectively. In practice, the two factors characterize the size and efficiency 

of the radiators. The heat absorbed on the upper side is then expressed as: 

Q̇in=HTFin(Tin-Tu)                                                                                (1) 

and the heat released to the outdoor environment is: 

Q̇out=HTFout(TI-Tout)                                                                                (2) 



Assuming that no heat losses occur within the liquid transport lines, the energy balance equations for the 

thermoelectric section of the system are represented by Equations (3) and (4). Figure 1 also presents an enlarged 

view of a single pair of thermoelectric legs [15]. In practice, a thermoelectric module consists of numerous such 

couples electrically connected in series. Each couple is formed by two semiconductor elements that are electrically 

connected in series while remaining thermally connected in parallel. When an electric current passes through the 

thermoelectric couple, heat Q̇in is absorbed at the upper surface, while heat Q̇out is released at the lower surface due 

to the Peltier effect.  

Three primary phenomena govern heat transfer within thermoelectric modules: the Peltier effect, Joule heating, 

and thermal conduction. Among these, only the Peltier effect actively drives the heat-pumping process. As the 

Peltier heat absorbed at the upper thermoelectric junction is released at the lower junction, a temperature difference 

develops across the thermoelectric legs. This temperature gradient gives rise to the Seebeck effect, which generates 

an electrical voltage that acts in opposition to the Peltier-driven heat transport process. The temperature gradient 

across the thermoelectric legs also promotes heat conduction from the hot side to the cold side, thereby 

counteracting the desired heat-pumping action [16]. In addition, the electric current passing through the legs 

generates Joule heat as a result of the electrical resistance of the thermoelectric materials. This heat is produced 

throughout the entire volume of the legs and further reduces the overall performance of the module. Taking into 

account all of these phenomena—the Peltier effect, thermal conduction, and Joule heating—the energy balance 

equations for the upper and lower sections of the thermoelectric module can be expressed as follows: 

αITju −
I2R

2
+ k(Tju − TjI) =

(Tu−Tju)

ru
= Q̇in                                                             (3) 

αITjI +
I2R

2
+ k(Tju − TjI) =

(TjI−TI)

rI
= Q̇in                                                                    (4) 

where Tju; TjI are the upper and lower temperatures of the thermoelectric junctions, respectively, k is the leg thermal 

conductivity, α stands for the Seebeck coefficient, R is electrical resistance, and I is electric current.  

2.2. Experimental determination of the system parameters  

This section outlines the procedures used to determine the parameters of the thermoelectric cooler (TEC) and the 

thermal contact conditions between the cells, which are essential for accurately modelling the performance of the 

proposed air-conditioning system [17]. Since the technical documentation provided by thermoelectric module 

manufacturers often lacks all the information required for detailed calculations, and because practical experience 

indicates that the parameters reported in datasheets do not always accurately reflect actual performance, 

experimental investigations were conducted. These tests were carried out to evaluate the module characteristics and 

to establish the thermal interaction conditions between the thermoelectric modules and the associated heat 

exchangers.  

2.2.1. Test stand  

The subsequent analyses of the air-conditioning system are based on thermoelectric modules whose performance 

parameters were experimentally determined under actual operating conditions using commercially available devices. 

For this purpose, MCTE1-19913L-S thermoelectric modules, designed for refrigeration applications, were selected 

[18]. Since the internal construction details of the tested module were not available for this study, it was assumed 

that each module was composed of (n = 105)  thermoelectric couples, with each couple consisting of a 

thermoelectric leg pair. 



 

Figure 2. Schematic representation of the proposed air-conditioning system 

Figure 2. presents a schematic representation of the proposed air-conditioning system. Electrical energy is supplied 

to the thermoelectric module, enabling it to transfer heat from the indoor environment HTFin  to the outdoor 

environment HTFout. The rate of heat exchange between the system and its surroundings is regulated by the heat-

transfer factors (HTFs). An enlarged view of a single thermoelectric couple is shown on the right side of the figure 

to illustrate the fundamental operating element of the thermoelectric module [19]. 

Height ℎ𝑟𝑒𝑓 = 3𝑚𝑚; all the parameters used in the calculations were determined based on this assumption. This 

assumption does not affect the accuracy of the obtained results. The parameters of the thermoelectric cooler (TEC) 

were determined using a specially designed experimental test rig (Figure 2). The setup consists of two heat 

exchangers in the form of copper blocks, with the thermoelectric module positioned between them and secured using 

a controlled clamping force. Electric heating elements are embedded in the upper copper block, which represents the 

heat-absorption side of the module. The lower heat exchanger, corresponding to the heat-rejection side, contains 

internal cooling channels through which water circulates at a carefully regulated flow rate to remove the released 

heat. The experimental setup is extensively instrumented to measure and record both thermal and electrical 

parameters [20]. Among its capabilities, the test stand can operate under a constant temperature-difference mode, in 

which electric heaters installed in the upper block are regulated by a PID controller to maintain a predefined 

temperature difference between the two blocks. The thermal contact conditions between the heat exchangers and the 

thermoelectric module influence the thermal resistance at their interfaces and, consequently, have a significant 

impact on the module’s performance. To minimize contact resistance and improve heat transfer, a layer of copper-

based thermal grease was applied to the module surfaces during assembly. 

2.2.2. Thermal contact resistance  

The initial phase of the experimental investigation focused on determining the thermal resistance at the interfaces 

between the heat exchangers and the thermoelectric junctions of the TEC using the dedicated test rig described 

previously. During the tests, the lower heat exchanger was cooled by a continuous flow of tap water, maintaining its 

temperature within the range of 21–23 °C. The electric current I=5A supplied to the TEC was directed so that the 

upper heat exchanger operated in cooling mode while the lower heat exchanger functioned as the heat-rejection side 

[21]. Throughout the experiments, several parameters were monitored, including the temperatures of the copper 

blocks, the thermal power supplied by the heaters required to maintain the prescribed temperature difference (ΔT) 

between the blocks, the steady-state voltage Vs , and the voltage measured immediately after disconnecting the 

electrical circuit of the thermoelectric module Vr. 

The testing procedure takes advantage of the significant difference between the thermal and electrical response times 

of the thermoelectric module. Immediately after a change in the electrical condition from a short-circuit state to an 



open-circuit state the temperature distribution within the module remains essentially unchanged for a few 

milliseconds because of its much greater thermal inertia. Consequently, the temperature field can be assumed to 

correspond to the preceding electrical operating condition [22]. Under steady-state conditions, the voltage Vr  is 

directly proportional to the temperature difference across the thermoelectric junctions. The measured data and the 

parameters derived from these measurements are summarized in Table 1. All reported measurements were obtained 

under steady-state operating conditions, with the exception of Vr, which represents the voltage measured at the TEC 

terminals immediately after the electrical circuit is interrupted (within milliseconds) while the module remains in 

thermal steady state. This measurement technique is commonly referred to as a rapid measurement. 

The three measurements listed in the first three rows of Table 1 were conducted for small temperature differences 

between the blocks, ranging from approximately 8K to 8K. The values presented in the final row were obtained 

through linear regression of the experimental data [23]. It was assumed that, within the investigated temperature 

range, the variation of the analysed parameters could be adequately described by a linear relationship with respect to 

the temperature difference between the blocks. This assumption implies that the thermoelectric properties of the 

TEC can be considered independent of temperature over the examined range. The experimental results confirmed 

the validity of this approximation. Using the linear approximation, it is possible to determine the temperature 

difference between the heat-exchanger blocks at which the rapid-measurement voltage Vr = 0 becomes zero. This 

condition indicates that the temperatures of the thermoelectric junctions are equal. Under these circumstances, no 

heat is transferred through the thermoelectric module by thermal conduction, and therefore the temperature 

difference between the heat exchangers, (𝛥𝑇), results solely from the thermal contact layers. Consequently, the 

average contact thermal resistance can be evaluated from the total heat flow passing through the two surfaces of the 

module [24]. 

Q̇𝑡𝑜𝑡 = Q̇𝑢 + Q̇𝐼                                                                                 (5) 

divided by the temperature difference makes it possible to calculate thermal resistance,  

r =
ΔT

Q̇𝑡𝑜𝑡
                                                                                               (6) 

totalling r = 0.070K/W. It is assumed that the thermal resistance is identical on both sides of the module. It is 

assumed that the thermal resistance is the same on both sides of the module. The calculated result represents the 

thermal resistance of a single contact layer [25]. The value of Q̇u is known since it corresponds to the electrical 

power supplied to the heaters. The quantity Q̇l can be determined from the energy balance by considering the Joule 

heat generated within the thermoelectric cooler (TEC), along with Pel  and Q̇u. Furthermore, Pel can be obtained by 

multiplying the current (I) by the voltage (V). 

𝑃𝑒𝑙 = 𝐼𝑉𝑠                                                                                         (7) 

Q̇𝐼 = Q̇𝑢 + 𝑃𝑒𝑙                                                                                 (8) 

2.2.3. Solar cooling system and Module parameters 

A solar-assisted air-conditioning system designed for a single-family residential building consists of three primary 

sub-systems integrated with the absorption chiller. Load sub-system: This sub-system serves as the distribution 

network for the chilled medium, including the supply and return lines. It is connected to the delivery terminals 

installed in the conditioned spaces of the building (17 and 18) [26]. Cold production sub-system: In this sub-

system, the heat rejected by the absorber and condenser is transferred to the surroundings either directly through air 

cooling or indirectly through a cooling tower in a water-cooling arrangement. The cooling process first takes place 

in the absorber (13 and 14), followed by the condenser (15 and 16). 

The heat production sub-system supplies the high-temperature thermal energy required by the thermally driven 

air-conditioning system through a heat exchanger (11 and 12). In addition to the solar collector array, the system 

includes several essential components such as a thermal storage tank, circulation pumps, and thermostat controllers. 

To satisfy the system's heat demand under conditions of insufficient solar radiation, limited collector area, or other 



operational constraints, an auxiliary heat source is integrated into the system. In the present study, a gas heater is 

considered as the supplementary source of thermal energy [27]. 

  

 

Figure 3. Schematic of unit’s connections of solar assisted air-conditioning system [28]. 

Using the average values of the voltage difference  Vs-Vr  and current, the internal electrical resistance of the 

thermoelectric cooler (TEC) circuit (R-1.59Ω) can be readily determined.  

 

Figure 4. Schematic representation of the measurement system with an electrically heated upper heat exchanger at 

temperature 𝑇𝑢and a water-cooled lower heat exchanger at temperature 𝑇𝑙  

Figure 4. The schematic of the measurement system consists of an upper heat exchanger maintained at temperature 
(Tu) and equipped with electric heaters, and a lower heat exchanger at temperature (TI) containing cooling channels. 

A thermoelectric module is positioned between the two heat exchangers and is powered by an electrical supply. 

Thermal contact resistance is present at the interfaces between the thermoelectric module and the heat exchangers 

(V, I) [29].  



Subsequent experiments were conducted with the temperature of the upper block maintained at 35 °C to determine 

the Seebeck coefficient and the thermal conductivity of the thermoelectric module. Under these conditions, attention 

was focused solely on the steady-state voltage produced by the module when the current in the TEC circuit was zero. 

The zero-current condition ensures the absence of Peltier heat generation [30]. Measurements were performed at two 

different cooling-water mass flow rates, while the ambient temperature remained constant throughout all the tests: 
(Tu=24 °C). The measurements initially enable the determination of the heat-loss coefficient to the surrounding 

environment. Throughout the experiment, the temperature of the upper block is maintained at a constant value by the 

electric heaters, whereas the temperature of the lower block varies with changes in the cooling-water flow rate. 

Under steady-state conditions, no heat is converted into electrical energy; therefore, (Q̇u=Q̇I) the heat entering the 

system is equal to the heat leaving it [31]. Owing to the linear relationship between heat flow and temperature 

difference, linear approximation can be employed to estimate the heater power corresponding to the condition where 

the temperature of the lower heat exchanger becomes equal to that of the upper heat exchanger (Tu-TI).  

This procedure yields the value of Q̇loss~5W). By dividing (HTFloss=0.45W/K)  by the temperature difference 

between the upper block and the surrounding environment (Tu-Ta), the heat-loss coefficient to the environment, 

(Q̇TEC=Q̇u-Q̇loss), can be determined for the measurement setup. Subsequently, the heat conducted through the 

thermoelectric module, can be calculated as the difference between the heat supplied by the electric heaters and the 

heat lost to the surroundings [32]. The obtained heat-loss value is then used to correct the calculated value of Q̇tot as 

well as the previously evaluated contact thermal resistance. The correction is performed by adjusting the heat values, 

Q̇u , using a correction factor calculated from the current temperature of the upper block and the previously 

determined HTFloss value. The experiments were then repeated with a different, high-quality thermal grease applied 

at the interface between the thermoelectric module and the heat exchangers. As a result, the temperature difference 

corresponding to Vr=0 the same operating condition was reduced to approximately 7 K, compared with the earlier 

value of 21 K. Consequently, the final value of the determined contact thermal resistance decreased significantly. 

This result indicates that the high-quality thermal grease possesses an approximately threefold greater heat-transfer 

capability compared with conventional copper grease, and therefore it was selected for subsequent calculations. The 

knowledge of the contact thermal resistance together with the heat flow through the thermoelectric cell makes it 

possible to determine the temperature difference deviation, defined as the difference between the measured 

temperature difference across the heat-exchanger blocks and the actual, unknown temperature difference at the 

thermoelectric junction [33]. This information forms the basis for evaluating the true temperature difference across 

the thermoelectric junction. The values obtained above enable the determination of the Seebeck coefficient by 

evaluating the ratio of the generated voltage to the temperature difference across the thermoelectric junction. 

Similarly, the thermal conductivity of the thermoelectric legs can be calculated as the ratio of the heat conducted 

through the cell to the temperature difference at the junction. For thermal analyses of an air-conditioning system, the 

influence of thermal radiation can be neglected because of the relatively low operating temperature range. Under 

these conditions, it is also reasonable to consider the thermoelectric module parameters to be independent of 

temperature, an assumption that has been experimentally verified. 

The proposed methodology assists in: 

➢ Reducing electricity consumption during peak cooling periods;  

➢ Minimizing dependence on fossil-fuel-based energy sources; 

➢ Optimizing collector area and thermal storage capacity; 

➢ Improving economic feasibility of solar-assisted cooling systems; 

➢ Optimizing thermoelectric air-conditioning performance considering both capital and operating costs; and  

➢ Providing an environmentally friendly alternative to conventional refrigeration systems. 

3. Validation  

3.1. Solar air-conditioning system analysis 



The investigation of a solar cooling system is typically carried out through a structured, multi-stage approach that 

integrates thermal analysis, component-level modelling, system-level simulation, and economic evaluation. This 

step-by-step methodology ensures that both the technical performance and economic feasibility of the system are 

properly assessed before final design decisions are made [34]. The first step involves house cooling load 

assessment, which is performed using a built-in component of solar simulation software. In this stage, the cooling 

demand of the building is calculated based on several factors such as building geometry, construction materials, 

insulation level, occupancy patterns, internal heat gains, and local climatic conditions. The objective is to determine 

how much cooling energy is required to maintain indoor thermal comfort throughout different periods of the year. 

This load profile is essential because it serves as the foundation for designing the solar cooling system. An accurate 

estimation ensures that the system is neither undersized (leading to insufficient cooling) nor oversized (leading to 

unnecessary cost and inefficiency). 

The second step is absorption machine modelling and simulation, which is carried out using an equation solver 

software. In this phase, the performance of the absorption chiller, a key component of the solar cooling system, is 

analyzed in detail. The absorption machine typically operates using a thermal energy source, such as hot water 

generated from solar collectors, instead of electricity [35]. Mathematical models representing heat and mass transfer 

processes within the absorption cycle are developed and solved. These models help determine important 

performance indicators such as coefficient of performance (COP), cooling capacity, generator temperature 

requirements, and heat rejection loads. This step is critical for understanding how efficiently the absorption system 

converts thermal energy into cooling output under different operating conditions. The third step involves whole 

system simulation using solar software, where all components of the solar cooling system are integrated into a 

single model. This includes solar collectors, thermal storage tanks, pumps, heat exchangers, and the absorption 

chiller. The system is simulated under real weather data to evaluate its dynamic performance over time [36]. This 

step helps in analyzing energy flows between components, solar fraction (the portion of cooling provided by solar 

energy), storage behavior, and system reliability. It also allows the identification of operational issues such as 

mismatch between solar energy availability and cooling demand. 

The final step is a technical-economic analysis, which aims to optimize the system design. This involves evaluating 

the cost-effectiveness of different configurations, particularly focusing on selecting the optimal solar collector area 

and system components. Key economic indicators such as initial investment cost, operating cost, maintenance cost, 

and payback period are considered. By comparing these against energy savings and system performance, designers 

can identify the most efficient and financially viable solution [37]. The goal is to achieve the best balance between 

energy performance and lifecycle cost. Overall, this four-step methodology ensures a comprehensive evaluation of 

solar cooling systems, combining engineering accuracy with economic practicality to support sustainable and cost-

effective design decisions.  

3.2. Cooling loads estimation  

The building considered in this study has a total floor area of 170 m². It is simulated under Tunisian climatic 

conditions (Figure 3) and is represented as a multi-zone structure (Figure 4), consisting of three bedrooms, a living 

room, two bathrooms, and a kitchen. Each zone of the building is defined using TRNBUILD, which is a graphical 

user interface used to input data for multi-zone buildings modeled as ‘TYPE56’. This interface allows the detailed 

specification of the building structure, including all parameters required for thermal simulation. These parameters 

include the optical properties of windows, wall and layer compositions, construction types, as well as heating and 

cooling schedules, among other inputs necessary to accurately model the building’s thermal performance [38]. 

Convective and radiative heat gains and losses are computed within TRNBUILD after defining the zone 

construction details. Several predefined input parameters and variables must also be specified, including occupancy, 

internal heat gains, comfort conditions, infiltration, ventilation rates, and weather data, among others. The cooling 

demand is determined by maintaining a set indoor temperature of 26 °C throughout the summer period. This demand 

is evaluated by summing the instantaneous cooling loads of all conditioned spaces, including the three bedrooms, 

the living room, and the hall. The variation of the total cooling load over the summer period is presented in Figure 5. 

The results indicate that the building experiences a peak cooling load of 11.5 kW during hot summer conditions. To 

optimize energy use while maintaining nearly the same level of thermal comfort, it is assumed that the cooling 

system should satisfy 95% of the total cooling demand over the simulation period. Based on this assumption, the 

nominal capacity of the machine is determined to be 7 kW. 



 

Figure 5. Monthly average temperature for City [39]. 

 

Figure 6. Plan view of the house [40]. 

 



Figure 7. Building cooling loads during the simulation period summer [41].  

3.3. Chiller model and simulation  

To evaluate the performance of the chiller and to understand how different component specifications influence its 

operation, a series of numerical simulations are conducted using an equation solver software. This step is essential in 

the design and analysis of thermal systems, particularly for absorption chillers, because their performance strongly 

depends on the interaction between multiple thermodynamic and heat transfer processes. By using an equation-based 

simulation approach, the system behavior can be studied under various operating conditions in a controlled and 

systematic manner [42]. The equation solver software allows the development of detailed mathematical models 

representing each component of the chiller, including the generator, absorber, condenser, evaporator, and solution 

heat exchanger. These components are interconnected through mass and energy balance equations, thermodynamic 

property relations, and heat transfer correlations. Once the governing equations are defined, the solver computes 

unknown variables such as temperatures, pressures, mass flow rates, and heat transfer rates simultaneously. This 

enables a comprehensive representation of the chiller’s internal working mechanism. 

One of the main objectives of these simulations is to evaluate the performance of the chiller, typically expressed in 

terms of the coefficient of performance (COP). The COP is a key indicator that relates the cooling output to the 

thermal energy input supplied to the generator [43]. By varying input conditions such as generator temperature, 

cooling water temperature, and chilled water outlet temperature, the sensitivity of COP and cooling capacity can be 

analyzed. This helps identify the optimal operating range of the chiller where efficiency is maximized. In addition to 

performance evaluation, the simulations are also used to study the effect of component specifications on system 

behavior. Parameters such as heat exchanger effectiveness, solution concentration, flow rates, and heat transfer 

coefficients are systematically varied. These variations allow researchers to understand how improvements or 

limitations in individual components influence the overall system performance. For example, increasing the 

effectiveness of the solution heat exchanger may reduce thermal losses and improve COP, while poor heat transfer 

performance in the absorber or condenser may significantly reduce cooling output. 

Another important aspect of these simulations is the ability to perform parametric analysis and optimization. By 

running multiple simulation cases with different design configurations, it becomes possible to identify the most 

efficient combination of parameters. This helps in selecting appropriate component sizes and operating conditions 

before physical implementation [45]. It also reduces experimental cost and time by limiting the need for extensive 

prototype testing. Furthermore, the simulation results provide valuable insights into the dynamic behavior and 

stability of the chiller system. Even though many equation solvers operate under steady-state assumptions, they still 

allow the examination of system responses under varying loads and boundary conditions. This is particularly 

important for solar-driven cooling systems, where thermal input fluctuates throughout the day. 

3.3.1. Machine model  

The mathematical models for the different system components namely the absorber, generator, condenser, 

evaporator, solution heat exchanger, solution expansion valve, pump, and throttle are provided [46]. The basic mass 

and energy conservation equations applicable to each component are formulated as follows. 

• Mass balance  

∑ min = ∑ mout                                                                                                      (1)  

∑ minxin = ∑ moutxout                                                                                          (2) 

• Energy balance 

Qi= ∑ minhin - ∑ mouthout                                                                                   (3)  

Qi=(UA)i(LMTD)i                                                                                                 (4)  



3.3.2. Cycle simulation 

➢ Water-cooled chiller  

The nominal operating conditions and heat transfer characteristics of the various machine components are presented. 

A preliminary analysis was conducted to evaluate the influence of generator inlet temperature and flow rate on 

machine performance (Figure 6) [47]. These parameters determine the thermal power requirements of the generator. 

The results indicate that the COP increases with rising generator temperature, reaching a maximum value of 0.7. It is 

observed that small variations in the hot water generator temperature lead to a sudden reduction in cooling capacity. 

In order to avoid oversizing the machine, the selection of the hot driving temperature is mainly based on the chiller 

cooling capacity of 7 kW. Figure 7 indicates that a hot water temperature of 98 °C, which provides a cooling 

capacity of 7 kW, is suitable.  

 

Figure 8. Effect of the generator inlet temperature on the performance of the absorption chiller [48]. 

➢ Air-cooled chiller 

The air-cooled machine is assumed to operate under the nominal conditions listed in Table 1. When the chiller is 

directly cooled by hot ambient air during the simulation period extending into summer, where temperatures may 

exceed 40 °C (Figure 8), the risk of crystallization in the solution heat exchanger may increase. Therefore, the 

evaporation temperature is set to 10 °C instead of 5 °C, as used in the water-cooled machine. Air-cooled absorption 

machines also require a higher condensation temperature compared to water-cooled systems [49]. Thus, the required 

hot water driving temperature in the generator exceeds 98 °C. Furthermore, if the pressure in the solar pipelines is 

restricted to 2.5 bar, the corresponding boiling temperature of water is 120 °C. Therefore, the generator temperature 

range must be maintained between 98 °C and 120 °C. These relatively high temperatures in the generator and 

absorber increase the likelihood of salt precipitation. Crystallization must be prevented, as it can lead to sludge 

formation and may ultimately cause complete flow blockage if the mixture solidifies. Therefore, all these constraints 

must be considered when defining the operating conditions of the air-cooled chiller. Figure 9 presents a comparison 

of the temperature, pressure, and concentration characteristics of the thermodynamic cycle for two ambient air 

temperatures (35 °C and 40 °C) and two generator inlet temperatures: 105 °C (a) and 115 °C (b). These results show 

that an increase in the cooling medium temperature shifts the cycle closer to the crystallization limit curve. 

Conversely, a driving hot water temperature of 105 °C, and more effectively 115 °C, moves the cycle trajectory 



away from the crystallization boundary for both ambient air conditions [50]. Accordingly, a generator inlet 

temperature of 115 °C is selected for subsequent analysis.  

3.4. Solar cooling simulations  

3.4.1. TRNSYS system description  

Within the TRNSYS environment, the solar air-conditioning system simulation consists of interconnected 

subsystems. Each industrial component is identified by a “Type” number (for example, Type 56) and corresponds to 

a model block programmed in FORTRAN, containing defined inputs, outputs, and parameters, thereby functioning 

as a FORTRAN subroutine [51]. 

 

Figure 9. Cycle plots for two levels of ambient air (37 °C and 42 °C) [52] 

3.4.2. Simulation results  

The analysis is carried out using typical meteorological data for a city classified under the Mediterranean climate. 

The solar subsystem includes a 1.260 m³ hot water storage tank for the water-cooling mode and a 0.980 m³ tank for 

the air-cooling mode, an evacuated tube collector field inclined at 36° to the horizontal, and a thermal backup source 

provided by a gas heater. The specific water flow rate is maintained at 80 L/h·m². The effect of collector surface 

area on solar gains and auxiliary heat demand is investigated (Figures 9 and 10) [53]. The pressurized water used to 

heat the generator is maintained at 98 °C for the water-cooling configuration and at 115 °C for the air-cooling 

configuration. As anticipated, increasing the collector area results in higher heat collection and reduced auxiliary 



energy requirements. The auxiliary heat demand ranges from 6,695 kWh to 13,335 kWh for the water-cooled system, 

and from 8,406 kWh to 13,023 kWh for the air-cooled system. 

 

Figure 10. Solar and gas energy needs for water-cooling vs. collector area [54]. 

 

Figure 11. Solar and gas energy needs for air-cooling vs. collector area [55] 



 

Figure 12. Solar fraction vs. collector area [56] 

Figure 11 illustrates the variation of the solar fraction f with respect to the collector surface area. The solar fraction, 

defined as , is calculated based on the auxiliary heat supplied by the backup heater Qgas required to meet the total 

energy demand of Qg the heat production subsystem feeding the machine generator. It is observed that the solar 

fraction increases as the collector area increases [57]. 

 

f=1-
Qgas

Qg
                                                                                     (5) 

However, the auxiliary energy does not become zero even when the solar contribution approaches 90% of the 

system’s energy demand. Therefore, in all cases, additional fossil-fuel-based backup energy is required to maintain 

the pressurized water temperatures of 98 °C for the water-cooling mode and 115 °C for the air-cooling mode. The 

technical analysis presented above is not sufficient to determine the optimal collector area for the solar air-

conditioning system, as economic factors have not yet been taken into account [58].  

3.5. Technical and economical optimization  

The cost-performance analysis is carried out to evaluate the economic feasibility of the project. The most 

comprehensive method for analyzing solar process economics is the life cycle cost approach. This technique enables 

comparison of future costs with present values by incorporating the time value of money, thereby allowing a 

detailed assessment of the full range of expenditures involved. The annual costs are determined by listing all 

expected expenses and discounting them to their present value. To simplify the system configuration, the total cost 

excludes the components connected to the delivery terminals located in the conditioned space, as the load subsystem 

is common to all comparable projects [59]. The discounted total annual cost of the entire plant is obtained as the sum 

of four components: the chiller cost, solar system cost, auxiliary gas energy cost, and the cost associated with solar-

fraction cooling water production. Initially, the discounted annual total cost CATD is calculated for each component 

by adding all discounted investment costs of the system elements, amortized over an expected lifetime of 20 years, 

along with the discounted annual expenses CAD. These annual expenses include maintenance and inspection costs 

CM, estimated at 2% of the investment cost, and operating energy costs CE (gas consumption costs). 

 



The analytical model and the corresponding software developed for performing the analyses were experimentally 

validated using a purpose-built specialized measuring stand. Details of the stand structure and its testing capabilities 

are provided. The stand consists of two copper blocks, which function as the heat sink and the cooled space, 

respectively. The first block contains cooling channels through which water flows, while the second block is 

equipped with electric heaters (see Figure 12). The thermoelectric module under test is positioned between these two 

blocks [60]. The validation experiments were conducted using another specimen of the MCTE1-19913L-S module 

type employed in the analyses. The contact surfaces between the module and the blocks were coated with high-

quality thermal paste. Initially, the parameters of the tested module specimen and the operating conditions of the 

thermoelectric system were established. The only parameter showing a noticeable difference between the TEC 

specimens was the Seebeck coefficient, which varied by up to 10%. The validation tests involved allowing the 

system to reach steady-state conditions at a specified mass flow rate of water used to cool the lower block. The 

upper block was heated using electric heaters regulated by a PID controller in order to maintain a constant 

temperature equal to the ambient environment. This condition ensures that no heat is lost to the surroundings. Under 

steady-state conditions, the electrical power supplied to the heaters equals the cooling power produced by the 

module for a specified supply current and a defined temperature difference across the modules. Consequently, there 

is no requirement to measure the cooling water mass flow rate; only the temperature of the lower block needs to be 

recorded. These measurements were performed for various values of the cooling water mass flow rate as well as 

different module supply currents. It should also be noted that measuring current and temperature is straightforward, 

and the obtained results are associated with only a small error [61]. In this study, temperature was recorded using 

PT100 resistance thermometers, which offer high absolute measurement accuracy (below 0.5%). Electrical power 

was measured using an EA-PSI 9200–25 T laboratory power supply with an accuracy of 0.4%. The calculated 

cooling power shows a maximum deviation of about 6%, while the average difference remains below 4%. Despite 

the one-dimensional assumption of the model, the experimental results indicate that the influence of spatially 

distributed phenomena is relatively minor.  

4. Performance simulations of the system  

4.1. TEC module characteristic curves  

Initially, the characteristics of the analyzed single stand-alone thermoelectric module were established. For this 

purpose, it was assumed that the radiator temperatures were steady and predefined for each point used in 

determining the characteristics. The upper radiator temperature was kept constant at 25 °C in all cases. It was also 

assumed that, at the interface between the thermoelectric junction and the heat-transporting fluid, the thermal 

resistance per unit area was estimated, consisting of the contact thermal resistance at the TEC interface and the 

thermal resistance between the heat exchanger and the liquid flow [62]. This value was also used in subsequent 

simulations. The cooling power and coefficient of performance (COP) were computed over a wide range of supply 

currents to the thermoelectric module for different temperatures of the lower radiator. As the temperature difference 

increases, the range of currents for which positive cooling power can be achieved becomes narrower. It can be 

observed that the red line connecting the maximum cooling power points for a given temperature difference 

corresponds to an almost constant current, slightly above 11 A. By analyzing the maximum COP curve (the red line 

passing through the peak values), where the COP is defined as the ratio of cooling power to electrical input power, it 

is observed that the maxima shift toward lower current values. COP values greater than 3 can only be achieved when 

the temperature difference is below 8 K and the current is less than 3 A [63].  

4.2. Characteristics of the air conditioning system  

At this stage, the characteristics of the radiators were incorporated into the analysis. It was initially assumed that the 

radiator on the heat-rejection side (outdoor) was twice the size of the radiator on the heat-absorption side (indoor). In 

addition, both radiators were equipped with fans to enhance heat transfer [64]. Therefore, the heat transfer 

conditions are estimated at the levels of 𝐻𝑇𝐹𝑖𝑛 = 100𝑊/𝐾 and 𝐻𝑇𝐹𝑜𝑢𝑡 = 200𝑊/𝐾, where100𝑊/𝐾 is equivalent 

to a single computer cooler. The analysis concentrated on the steady-state performance of an air-conditioning system 

employing the previously tested TEC under specified heat-transfer conditions 𝐻𝑇𝐹𝑖𝑛 = 100𝑊/𝐾  and 𝐻𝑇𝐹𝑜𝑢𝑡 =
200𝑊/𝐾 . Simulations were performed to examine the cooling power and coefficient of performance (COP) 

achieved at different supply currents of the thermoelectric module for two selected temperatures of the lower 

(outdoor) heat reservoir: 25 °C (0 K temperature difference) and 30 °C (5 K temperature difference). During these 



simulations, the temperature of the upper (indoor) heat reservoir was maintained constant at 25 °C. The results 

presented above indicate that a single thermoelectric module provides relatively low cooling power [65]. Therefore, 

an alternative configuration was investigated, involving the parallel thermal connection of 10 modules (𝑛 = 1000). 

The results are presented on a per-module basis for the 10-module system. The cooling power curves indicate that, 

in every case, a maximum cooling power is achieved at a particular current value. For the 10-module configuration, 

the plotted curves exhibit a lower peak cooling power, and this peak occurs at a lower current. This behavior is 

attributed to the quantity of heat exchanged with the surroundings, as the same radiators were used in both 

configurations involving one module and ten modules. In the latter configuration, the radiators are unable to provide 

adequate heat transfer to fully exploit the cooling capacity of such a large number of thermoelectric modules. As a 

result, the temperature difference between the two sides of the modules increases excessively. Reduced heat 

dissipation requires a lower TEC supply current because of the balance between the Peltier effect and Joule heating. 

Any further increase in the number of modules would intensify this effect and lead to a continuous decrease in the 

coefficient of performance (COP) [66]. It should be noted that an increase in the total module surface area results in 

a reduction in the overall contact thermal resistance, thereby decreasing the temperature difference between the 

thermoelectric junction and the corresponding heat reservoir for a constant heat flow. Furthermore, increasing the 

number of TECs enhances heat conduction through the modules, which may further reduce the temperature 

difference between the thermoelectric junctions. The factors that reduce the cooling power of the 10-module 

thermoelectric system (when normalized per module) also contribute to a lower overall system efficiency. Under 

zero temperature-gradient conditions, the COP increases as the current flowing through the circuit decreases. 

However, when a temperature gradient exists, the behavior changes. At low current levels, the COP becomes 

negative because the heat flow occurs in the opposite direction. Only when the current is sufficiently increased does 

the Peltier effect become strong enough to reverse the heat flow direction and produce cooling in the upper heat 

reservoir.  

4.3. Impact of the number of thermoelectric modules in the system  

In the next stage, the effect of the number of TEC modules used in the system on the cooling performance was 

examined. To ensure sufficient coverage of the design space, the number of thermoelectric legs was selected as a 

variable parameter and varied in increments of 20. The electrical current supplied to the TECs was considered as the 

second variable. By exploring the design space over practical ranges of current and thermoelectric system size 

(number of legs), contour plots were generated to illustrate the cooling power and coefficient of performance (COP). 

It is assumed that only configurations capable of delivering cooling power greater than 250 W are of practical 

interest [67]. Under the adopted assumptions, the maximum cooling power achieved by the analyzed system is 913 

W. This corresponds to a configuration with 35–36 reference modules (equivalent to the specified number of legs) 

operating at a supply current of 6.3 A. The contour levels of cooling power exhibit oval-shaped patterns, with a 

greater elongation along the axis representing the number of legs. This indicates that a similar maximum cooling 

capacity can be achieved across a relatively broad range of thermoelectric module quantities. 

It can also be inferred from the chart that smaller thermoelectric systems provide a wider range of current variation 

while maintaining similar cooling power levels. In contrast, larger systems require more precise current adjustment 

to achieve the desired cooling capacity. The maximum COP reaches a value of 2.28 for the configuration with the 

specified number of legs, operating at a current of 1.8 A. This value lies at the boundary of the considered domain 

and results directly from the imposed constraint on the solution space, namely a minimum cooling power of 250 W. 

At the point of maximum cooling power, the COP is 0.42 [68]. Although higher COP values can be observed in the 

graph, they are associated with very low cooling power outputs and therefore fall outside the region of practical 

interest. The results once again highlight the trade-off between cooling power and COP within the considered 

operating range. Since the maximum COP is influenced by the minimum cooling power assumed for the system, the 

following graph illustrates the relationship between these two parameters. Additionally, the required number of TEC 

modules and their corresponding supply current are provided for each case presented. Figure 12 shows that 

increasing the minimum cooling power requirement of the system leads to a reduction in cooling efficiency. It also 

necessitates a greater number of thermoelectric modules operating together (as indicated by the marker size and 

number) and requires a higher supply current to power them.  

5. Economic optimization of the air conditioning system  



The next phase of the air-conditioning system study involves an economic assessment of the system. Based on 

available market data, the actual cost of a thermoelectric leg is assumed to be NTEC, corresponding to 1% of the 

price of a reference 100-leg module. Similarly, the unit cost of the radiators, estimated using a 360 mm 15 FPI 

cooler as the reference, is taken as NR. This estimation is based on commercially available computer cooling 

radiators. The cost of electricity required to power the thermoelectric module was also considered [69]. The cooling 

power (left) and COP (right) are presented as functions of the number of thermoelectric legs and the supply current. 

The values indicated at the markers represent the corresponding number of modules. For a specified minimum 

cooling power requirement, the appropriate size of the thermoelectric system, the corresponding COP, and the 

optimum supply current can be determined. It is further assumed that the device operates for 8 hours per day over 60 

days annually, resulting in a total operating time of 480 hours per year. The calculations are conducted for a service 

life of 5 years, corresponding to 2400 operating hours. Based on the above assumptions. It should be noted that the 

value of (Pel) depends on the number of thermoelectric modules, the electrical current supplied to the circuit, and 

indirectly on the temperatures at both sides of the modules.  

It is assumed that heat transfer on both sides of the system is achieved using radiators having the same unit cost, NR. 

The cost of the thermoelectric modules is considered to comprise 80% manufacturing expenses and 20% 

thermoelectric material costs, with the latter incorporated in the final term of Equation (10) through the ratio of leg 

heights. To achieve minimum cost, the system was subjected to an optimization process [70]. The design variables 

selected for optimization were the radiator dimensions, represented by the heat transfer factor (HTF), and the current 

supplied to the modules. ETCC represents the Economic Total Cooling Capacity and denotes the cooling power 

obtained per dollar of the total system cost. The total cost includes both the electricity consumption cost and the 

purchase cost of the device. The objective of the optimization was to maximize the ETCC value. The objective 

function consists of two components: the first component, ETCC, is the parameter directly maximized, while the 

second component is introduced to impose a constraint related to the cooling power of the system. During the 

optimization process, when only the first term of the objective function was considered, several similar optimum 

solutions were obtained for different combinations of the design variables. 

Therefore, an additional term was incorporated into the objective function that slightly favors solutions with higher 

cooling power values, with its influence on (G) limited to approximately 1%. Owing to the stepwise variation of the 

parameter (g), greater pressure is applied during the initial stage of the optimization process, thereby improving 

convergence [71]. As a result, the obtained solutions become stable and reproducible. Furthermore, when two 

configurations yield the same ETCC value, the configuration with the higher cooling power is regarded as superior. 

Such a system, for a given number of modules or cooling capacity, possesses a higher power-to-size ratio, which 

also contributes to lower secondary costs that are not explicitly considered in the optimization, including expenses 

associated with casing fabrication, packaging, transportation, and ease of operation. Using the conditions defined in 

this manner, simulations were carried out for an air-conditioning system consisting of 10 basic TEC modules with 

the specified thermoelectric leg height. The supply current and both HTF values were selected as the design 

variables. Under these conditions, the final term of the objective function (F) in Equation (10) remains constant [72]. 

The resulting contour map illustrates the cooling power obtained per unit investment and total operating cost (1$) as 

a function of electricity cost and outdoor temperature.   

5.1. A device with the design cooling power of 2 kW  

The optimization results presented above do not take into account the actual cooling power delivered by the system 

under specific operating conditions. Therefore, in the next stage, the required number of basic thermoelectric 

modules was determined to provide a dependable cooling capacity of 2 kW, which is a typical power rating for 

portable air-conditioning units used in small rooms. The device is assumed to operate at the maximum ETCC value 

[73]. At this stage, the number of thermoelectric legs, (n), is introduced as an additional variable in the objective 

function, while the subsequent calculations continue to be based on the reference leg height, which remains constant. 

Although increasing the current supplied to the thermoelectric modules can enhance performance, operating the 

system under such conditions moves it beyond the optimum ETCC point, making the operation less economically 

efficient. The results indicate that, under the reference conditions, achieving the required cooling power necessitates 

the use of 4140 thermoelectric legs, corresponding to approximately 41 basic reference modules. For this 

configuration, the required supply current is nearly 5 A. 



Within the analyzed range of parameter variations, the number of required modules ranges from 30 to 60, leading to 

different proportions of investment and operating costs in the total expenditure. As the cost of electricity increases, 

the required number of modules also rises, resulting in higher initial investment costs. The required number of 

modules also increases with a rise in the temperature difference, although the rate of increase is lower than that 

observed for operating costs [74]. On one hand, employing a larger number of modules makes it possible to achieve 

the desired cooling capacity through the Peltier effect while operating at lower current levels. On the other hand, 

Joule heating, which is an undesirable effect, increases in proportion to the square of the current, whereas the Peltier 

effect varies directly with the current. Consequently, the use of a greater number of modules may appear 

economically advantageous. However, it should also be recognized that increasing the number of modules results in 

greater heat conduction through the thermoelectric legs, which adversely affects the overall performance and 

efficiency of the system. In addition, the cost of each thermoelectric module also influences the overall system 

economics. Further contour maps were generated for the analyzed 2 kW cooling system. These maps illustrate the 

HTF values of both the indoor and outdoor radiators under different operating temperatures and varying electricity 

cost levels. The HTF coefficients directly affect the size and/or performance quality of the radiators on both sides of 

the system and, consequently, have a significant impact on their overall cost.  

Up to this point, the optimal design and operating parameters of the system have been determined for each operating 

condition defined by the cooling power, the indoor–outdoor temperature difference, and the cost of electricity [75]. 

However, an important question remains regarding how variations in operating conditions, such as changes in 

outdoor temperature or electricity price, would influence the ETCC. While adjusting the supply current of the 

system can be accomplished relatively easily, modifying the physical design of an existing system appears to be 

impractical and economically unjustifiable. To evaluate the extent of ETCC variation resulting from changes in the 

aforementioned conditions, simulations were conducted for a system optimized under the reference operating 

parameters. In this case, the design characteristics and structural features of the system were kept fixed, while the 

supply current was optimized to maximize ETCC. Figure 12 illustrates the percentage variation in ETCC (left) and 

cooling power (right) of the device as functions of changes in electricity cost and outdoor temperature. The system is 

optimized at the reference operating point to achieve the maximum ETCC [76]. As shown in the graph, an increase 

in outdoor temperature of less than 5 K results in an ETCC reduction of less than 1%, while the cooling power 

decreases by approximately 5%. Across the entire range considered, the variation in ETCC remains below 10%, 

whereas the cooling capacity can decrease by as much as 25%.  

5.2. Impact of a change in leg height  

It should be noted that the height of the thermoelectric legs within the module influences both the operating 

characteristics of the TEC and, to some extent, the manufacturing cost. Variations in leg height primarily affect the 

amount of heat conducted through the module, the level of Joule heat generated, and the quantity of thermoelectric 

material required for fabrication [77]. Accordingly, simulations were conducted to evaluate the ETCC of the air-

conditioning system while accounting for variations in thermoelectric leg height. As a result, the objective function 

(10) now includes an additional design variable, (h). It is assumed that the thermoelectric material contributes 20% 

of the TEC module manufacturing cost, while the remaining 80% corresponds to other manufacturing expenses, as 

represented by the factors 0.2 and 0.8 in Equation (10). The reference leg height corresponds to the basic module 

model with a known purchase cost. As the cost of electricity increases, a larger number of modules becomes 

preferable due to the reduced proportion of investment cost in the total expenditure and the possibility of operating 

at a lower supply current. The above calculations correspond to a scenario in which variations in leg height result in 

a proportional change in the thermoelectric module cost, with the thermoelectric material accounting for 20% of the 

module cost relative to the reference module [78]. The indoor temperature is maintained at 25 °C. Higher HTF 

values indicate the use of larger and more costly radiators. The percentage deviations of ETCC and cooling power 

from their optimal values at the reference operating point are evaluated for changes in outdoor temperature and 

electricity cost. At the reference point itself, no deviation is observed. 

 The HTF coefficients and the number of modules were kept identical to those at the reference operating point, while 

the electric current was re-optimized for each case. The ETCC decreases as the operating conditions move away 

from the reference point. For modules with a reference leg height of 3 mm, it can be observed that the system 

exhibits greater sensitivity to variations in both outdoor temperature and electricity cost. Within the considered 

range of temperature and cost variations, an increase of up to 35% in ETCC and a reduction of up to 55% in cooling 



power may be observed [79]. This indicates that a system optimized for specific predetermined operating conditions 

(the reference point) achieves superior ETCC under design-state operation. However, any departure from these 

conditions leads to a more rapid decline in the performance of this parameter. 

6. Conclusion 

This study presented a comprehensive technical and economic assessment of solar-assisted absorption and 

thermoelectric air-conditioning technologies for residential applications through an integrated modelling, simulation, 

experimental validation, and optimization framework. Unlike previous investigations that mainly focused on either 

technical performance or economic evaluation separately, the proposed methodology simultaneously considered 

cooling performance, energy utilization, system cost, and long-term operational feasibility using the Economic Total 

Cooling Capacity (ETCC) criterion. The simulation results demonstrated that the optimum water-cooled absorption 

chiller configuration requires an 18 m² evacuated-tube solar collector and a 1.26 m³ thermal storage tank, supplying 

approximately 55% of the cooling energy demand. The air-cooled configuration achieved optimum performance 

using a 16 m² collector field and a 0.98 m³ storage tank, providing nearly 45% solar energy contribution. Although 

the solar-assisted system involves higher initial investment than conventional vapor-compression systems, it 

substantially reduces electricity consumption, fossil-fuel dependency, and the use of environmentally harmful 

refrigerants, making it an attractive solution for sustainable residential cooling. Experimental characterization of 

commercially available thermoelectric modules enabled accurate modelling of the proposed thermoelectric air-

conditioning system. The developed mathematical model, validated experimentally, demonstrated that cooling 

performance depends strongly on the number of thermoelectric modules, operating current, and heat exchanger 

characteristics. Economic optimization based on ETCC showed that operating the system at the maximum cooling 

capacity is not economically optimal. Instead, an optimized operating point provides the best compromise between 

cooling performance and lifecycle cost, while the system can tolerate approximately 32% overload under reference 

operating conditions without significantly affecting its economic performance. The principal novelty of this work is 

the development of an integrated technical-economic framework that combines experimental validation, 

mathematical modelling, TRNSYS-based solar simulation, EES-based absorption chiller analysis, and ETCC-based 

optimization for evaluating both solar-assisted and thermoelectric air-conditioning systems within a single study. 

This integrated methodology fills an important research gap by providing simultaneous technical and economic 

optimization rather than evaluating these aspects independently. From a practical perspective, the proposed approach 

offers valuable design guidelines for engineers, researchers, and policymakers involved in sustainable building 

technologies. The methodology can assist in selecting optimal collector areas, thermal storage capacities, 

thermoelectric module configurations, and operating conditions for residential cooling systems while improving 

energy efficiency and reducing greenhouse gas emissions. The proposed framework can also support the wider 

adoption of renewable-energy-based cooling technologies in regions experiencing high cooling demand and 

increasing electricity consumption. 

7. Current and Future Developments 

Recent advancements in renewable-energy-based cooling technologies have accelerated the development of 

sustainable air-conditioning systems with improved energy efficiency and reduced environmental impact. In solar-

assisted cooling, considerable progress has been achieved in the design of high-efficiency evacuated-tube and flat-

plate solar collectors, advanced thermal energy storage systems, and intelligent control strategies that improve solar 

energy utilization and reduce auxiliary energy consumption. Similarly, significant developments in thermoelectric 

technology, including high-performance thermoelectric materials, nanostructured semiconductors, optimized module 

geometries, and advanced heat exchanger designs, have contributed to improving the cooling capacity and 

coefficient of performance (COP) of thermoelectric air-conditioning systems. Furthermore, numerical simulation 

tools such as TRNSYS, Engineering Equation Solver (EES), and computational optimization techniques have 

enabled more accurate prediction and optimization of system performance under varying climatic and operating 

conditions. 

The present study contributes to these developments by integrating technical performance analysis, experimental 

validation, mathematical modelling, and economic optimization into a unified framework. The proposed Economic 

Total Cooling Capacity (ETCC) criterion provides a practical approach for simultaneously evaluating cooling 

performance, investment cost, and operating cost, thereby supporting the optimal design of environmentally friendly 

residential air-conditioning systems. The comparative evaluation of water-cooled and air-cooled LiBr–H₂O 



absorption chillers, together with the optimization of thermoelectric module configuration, collector area, thermal 

storage capacity, and operating current, offers useful design guidelines for future renewable cooling applications. 

Future research should focus on experimental implementation and long-term field validation of the integrated solar-

assisted and thermoelectric cooling systems under different climatic conditions. The incorporation of next-

generation thermoelectric materials with higher figures of merit (ZT), phase-change thermal energy storage, 

advanced heat exchangers, and hybrid photovoltaic–thermal (PVT) systems could further improve overall system 

efficiency. In addition, artificial intelligence (AI)-based predictive control, machine learning algorithms, digital twin 

technologies, and Internet of Things (IoT)-enabled monitoring systems may be employed to optimize real-time 

system operation and energy management. Future studies should also include dynamic performance analysis, life-

cycle assessment, environmental impact evaluation, uncertainty analysis, and multi-objective optimization 

considering energy efficiency, economic feasibility, carbon emission reduction, and occupant thermal comfort. 

These developments will facilitate the commercialization and wider adoption of sustainable, energy-efficient, and 

economically viable air-conditioning systems for residential and commercial buildings while supporting global 

decarbonization and net-zero energy targets. 
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