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ABSTRACT 

The Preservation of Temperature-Sensitive Pharmaceuticals Such As Insulin Requires 
Strict Cold-Chain Maintenance Between 2°C And 8°C To Prevent Degradation of 
Biochemical Stability. In Developing Regions, Unreliable Electricity Supply And 
Inadequate Infrastructure Frequently Result In Cold-Chain Interruptions, 
Compromising Drug Efficacy And Patient Safety. This Research Presents The 
Comprehensive Design, Mathematical Modeling, Fabrication, And Experimental 
Evaluation of A Portable Solar-Powered Thermoelectric Refrigeration System Intended For 
Rural Healthcare Applications. 

The System Integrates A TEC1-12706 Thermoelectric Module Powered By A 20W 
Photovoltaic Panel With Lithium-Ion Battery Storage And Closed-Loop Temperature 
Control. Detailed Thermal Load Calculations, Energy Balance Modeling, Coefficient 
of Performance Analysis, And Transient Cooling Behavior Are Investigated. 
Experimental Results Indicate Cooling From 29°C To 4.8°C Within 58 Minutes Under No-
Load Conditions And Stable Maintenance Within WHo-Recommended Range For 

4.5 Hours on Battery Backup. 

The Proposed System offers A Compact, Environmentally Sustainable, And 

Maintenance-Free Alternative To Vapor Compression Refrigeration For Decentralized 

Medical Cold Storage. 

Keywords: Thermoelectric Refrigeration, Peltier Cooling, Solar Energy Integration, 

Medical Cold-Chain, Insulin Storage, Renewable Energy Refrigeration. 
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1. INTRODUCTION 

Cold-chain integrity is fundamental in 

pharmaceutical logistics, particularly for 

biologically active compounds such as 

insulin. Insulin molecules are sensitive to 

temperature variations due to their protein- 

based molecular structure. Exposure above 

8°C accelerates chemical degradation, 

while freezing below 2°C causes 

irreversible denaturation. 

In developing regions, approximately 20– 

30% of temperature-sensitive 

pharmaceuticals are exposed to unsafe 

thermal conditions during storage or 

transportation. The primary causes include 

unreliable grid power, inadequate 

refrigeration   infrastructure, and 

transportation delays. 

Conventional vapor compression 

refrigeration systems are efficient but 

require: 

• Continuous AC power supply 

• Mechanical compressors 

• Refrigerants with global warming 

potential 

• Regular maintenance 

Thermoelectric refrigeration offers a solid- 

state cooling alternative based on the Peltier 

effect. Its advantages include: 

• No moving mechanical components 

• Direct DC compatibility 

• Compact size 

• Low maintenance 

• Environmentally friendly operation 

However, thermoelectric systems are 

limited by relatively low COP. Therefore, 

system-level optimization is essential. 

This study focuses on improving 

performance through: 

• Thermal load minimization 

• Efficient heat dissipation 

• Solar-powered energy integration 

• Experimental validation under realistic 

conditions 

2. LITERATURE REVIEW AND 

RESEARCH GAP 

Thermoelectric refrigeration has been 

extensively studied for electronics cooling, 

beverage storage, and portable coolers. 

Reported COP values typically range from 

0.3 to 0.7 depending on temperature 

gradient and module characteristics. 

Previous research highlights: 

• Performance strongly depends on heat 

sink efficiency 

• COP decreases significantly at higher 

temperature differences 

• Solar-powered TE systems improve 

sustainability 

• Insulation thickness critically affects 

steady-state performance 

However, limited studies focus specifically 

on: 

• Dedicated insulin cold-chain systems 

• Portable off-grid medical refrigeration 

• Integrated solar-battery thermoelectric 

systems 

• Experimental validation under tropical 

ambient conditions 

Therefore, this research addresses a 

practical healthcare application gap. 

3. THEORETICAL MODELING 

3.1 Thermoelectric Cooling Equation 

The cooling capacity of a thermoelectric 

module is governed by: 

Qc = αITc − ½I²R − K(Th − Tc) 

Where: 

α = Seebeck coefficient 

I = Electrical current 

Tc = Cold-side temperature 

Th = Hot-side temperature 

R = Electrical resistance 

K = Thermal conductance 

The first term represents Peltier cooling. 

The second term represents Joule heating. 
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The third term represents conductive heat 

backflow. 

3.2 Heat Transfer in Chamber 

Total heat load: 

Qtotal = Q_cond + Q_product + 

Q_infiltration 

Conduction Loss 

Q_cond = (kAΔT)/d 

Assumptions: 

k = 0.03 W/mK 

A = 0.35 m² 

ΔT = 23°C 

d = 0.02 m 

Estimated conduction heat load ≈ 12 W 

Product Cooling Load 

Q_product = mCpΔT/t 

Estimated ≈ 8–10 W 

Total estimated heat load ≈ 40–45 W 

4. SYSTEM DESIGN AND 

ARCHITECTURAL OPTIMIZATION 

The architectural design of the proposed 

thermoelectric refrigeration system was 

guided by three fundamental constraints: 

1. Thermal load minimization 

2. Efficient heat rejection 

3. Energy autonomy through renewable 

integration 

Unlike conventional refrigeration systems 

where compressor sizing dominates design 

considerations, thermoelectric refrigeration 

requires careful thermal resistance 

balancing between cold and hot sides. 

4.1 Design Considerations 

The thermoelectric module performance is 

highly sensitive to the temperature 

difference (ΔT) between hot and cold sides. 

As ΔT increases, cooling capacity 

decreases significantly. Therefore, 

minimizing thermal resistance on the hot 

side is critical. 

The following parameters were optimized: 

• Insulation thickness 

• Heat sink surface area 

• Forced convection airflow rate 

• Chamber volume-to-surface ratio 

• Thermal interface material quality 

4.2 Geometrical Optimization of Cooling 

Chamber 

The internal chamber was designed to 

maintain a low surface-area-to-volume 

ratio to reduce conduction losses. 

Surface heat gain is proportional to area: 

Q ∝ AΔT 

Thus, reducing unnecessary surface 

exposure improves steady-state stability. 

3D CAD Model of Complete System 

Architecture 
 

illustrates the integrated configuration of 

thermoelectric module, heat dissipation 

system, and insulated storage chamber. 

4.3 Thermal Resistance Network 

The thermoelectric system can be modelled 

using a thermal resistance network: 
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R_total = R_insulation + R_contact + 

Heatsink + R_convection 

Where: 

R = ΔT / Q 

Reducing R_total improves cooling 

efficiency and lowers hot-side temperature 

rise. 

5. SOLAR ENERGY INTEGRATION 

AND POWER MANAGEMENT 

ANALYSIS 

Thermoelectric modules operate on DC 

supply, making them inherently compatible 

with photovoltaic energy systems. 

However, solar energy availability 

fluctuates due to irradiance variation. 

5.1 Photovoltaic Power Estimation 

Solar output power: 

P_solar = η × A_panel × G 

Where: 

η = Panel efficiency 

A_panel = Surface area 

G = Solar irradiance 

Under peak irradiance (~800 W/m²), the 

20W panel provides sufficient charging 

current. 

5.2 Battery Energy Modeling 

Battery discharge behavior follows: 

E = V × Ah 

However, lithium-ion discharge is 

nonlinear and affected by internal 

resistance. The voltage drop observed 

during testing confirms stable discharge 

characteristics within safe operating limits. 

5.3 Energy Balance Equation 

At steady state: 

P_input = Q_cooling + Q_losses 

Power losses include: 

• Resistive heating 

• Fan power consumption 

• Controller losses 

Electrical Circuit Diagram of Solar- 

Battery-Thermoelectric Integration 
 

6. EXPERIMENTAL METHODOLOGY 

AND VALIDATION FRAMEWORK 

Experimental validation was conducted to 

verify theoretical predictions. 

6.1 Measurement Instruments 

• Digital thermocouple sensor 

• Multimeter for voltage/current 

measurement 

• Ambient thermometer 

Measurement uncertainty was estimated at 

±0.5°C. 

6.2 Transient Cooling Analysis 

Cooling behavior follows exponential 

decay: 

T(t) = T_ambient − (T_ambient − 

T_final)e^(-kt) 

Where: 

k = cooling constant 

This confirms that cooling is governed by 

first-order thermal system behavior. 

7. RESULTS AND PERFORMANCE 

CHARACTERIZATION 
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Cooling Curve (Temperature vs Time) 

7.1 Transient Cooling Performance 

The temperature decay curve demonstrates 

rapid initial cooling followed by asymptotic 

stabilization. 

The cooling rate is highest during first 20 

minutes due to maximum ΔT. 

7.2 Steady-State Analysis 

Steady-state achieved at 4.9°C ± 1.3°C. 

Temperature fluctuations are attributed to: 

• Thermostat cycling 

• Ambient heat ingress 

• Fan speed variation 

7.3 Coefficient of Performance 

Evaluation 

COP = Qc / Pinput 

Observed COP range: 0.34–0.39. 

COP decreases as ΔT increases due to 

increased thermal back conduction. 
 

8. THERMODYNAMIC DISCUSSION 

The thermodynamic limitation of 

thermoelectric cooling arises from: 

• Low figure of merit (ZT) 

• High internal electrical resistance 

• Thermal back conduction 

The maximum achievable COP for 

thermoelectric cooling is given by: 

COP_max = (Tc / ΔT) × (√(1+ZT) − Th/Tc) 

/ (√(1+ZT) + 1) 

For typical commercial modules (ZT ≈ 1), 

COP remains modest. 

Despite this limitation, thermoelectric 

systems are highly suitable for small-scale 

cooling applications where portability 

outweighs efficiency. 

9. ENVIRONMENTAL AND 

SUSTAINABILITY ANALYSIS 

The environmental implications of 

refrigeration systems are primarily 

associated with energy consumption and 

refrigerant emissions. Conventional vapor 

compression refrigeration systems utilize 

hydrofluorocarbon (HFC) or hydrocarbon 

refrigerants, which contribute to global 

warming potential (GWP) and ozone 

depletion. In contrast, thermoelectric 

refrigeration eliminates refrigerants 

entirely, thereby removing risks associated 

with leakage and atmospheric 

contamination. 

9.1 Carbon Emission Reduction Analysis 

To estimate environmental benefit, a 

comparative energy model was developed. 

Assuming: 

Average power consumption (compressor 

mini  refrigerator)  ≈  100  W 

Operating  time  ≈  6  hours/day 

Annual operation ≈ 365 days 

Annual energy consumption: 

E = P × t 

E = 0.1 kW × 6 × 365 

E ≈ 219 kWh/year 

Using average grid emission factor: 

0.82 kg CO₂/kWh 

https://ijsrem.com/
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Annual CO₂ emission: 

219 × 0.82 ≈ 179.6 kg CO₂/year 

In contrast, the proposed solar-powered 

thermoelectric system operates primarily 

on renewable energy, reducing grid 

dependency to near zero. Therefore, 

potential annual carbon emission reduction 

≈ 170–180 kg CO₂. 

This demonstrates strong sustainability 

benefits in long-term deployment. 

9.2 Lifecycle Environmental Impact 

Lifecycle assessment (LCA) considers: 

• Raw material extraction 

• Manufacturing impact 

• Operational energy 

• End-of-life disposal 

Thermoelectric modules consist primarily 

of bismuth telluride semiconductor 

elements and ceramic plates. Although 

material extraction has environmental 

footprint, operational emissions remain 

minimal compared to compressor systems. 

Additionally: 

• No refrigerant replacement required 

• No oil lubrication 

• No compressor mechanical wear 

This reduces maintenance-related 

environmental burden. 

9.3 Noise and Mechanical Sustainability 

Thermoelectric systems operate with: 

• No compressor vibration 

• Minimal acoustic emission 

• No mechanical fatigue 

This increases operational lifespan and 

reduces component replacement frequency. 

Estimated lifespan: 

• TEC module: 50,000+ hours 

• Solar panel: 20–25 years 

• Lithium-ion battery: 3–5 years 

The system therefore offers long-term 

environmental viability. 

9.4 Rural Sustainability Impact 

In rural healthcare settings: 

• Reduced diesel generator usage 

• Improved drug preservation 

• Lower medical waste from spoiled 

insulin 

Indirect environmental benefits include: 

• Reduced pharmaceutical wastage 

• Reduced transportation repetition 

• Reduced economic loss 

Thus, the sustainability impact extends 

beyond energy savings to healthcare 

reliability enhancement. 

10. ECONOMIC AND FEASIBILITY 

ANALYSIS 

The economic viability of the proposed 

system is critical for rural deployment. 

10.1 Capital Cost Breakdown 
 

Component Approx. (INR) 

TEC Module 350 

Heat Sinks & Fans 900 

Solar Panel (20W) 1500 

Lithium-ion Battery 1800 

Controller & Wiring 400 

Insulated Chamber 1000 

Total Estimated Cost 5950 

Total cost ≈ ₹6000 

https://ijsrem.com/
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This is significantly lower than 

commercially available medical-grade 

portable refrigerators (₹15,000–₹30,000). 

10.2 Operating Cost Analysis 

Since system operates primarily on solar 

energy: 

Operational electricity cost ≈ negligible. 

Maintenance cost: 

• Fan replacement (occasional) 

• Battery replacement every 3–5 years 

Estimated annual maintenance cost ≈ 

₹500–800. 

10.3 Cost Comparison with Compressor 

Systems 

Mini compressor refrigerator: 

• Initial cost ≈ ₹12,000–15,000 

• Electricity cost ≈ ₹1500–2000 per year 

• Refrigerant leakage maintenance 

Thermoelectric system: 

• Lower initial cost 

• Minimal operational cost 

• No refrigerant expense 

10.4 Payback Period Estimation 

If grid electricity costs ₹8 per unit: 

Annual electricity savings: 

219 kWh × 8 = ₹1752 

Payback period: 

6000 / 1752 ≈ 3.4 years 

Considering healthcare subsidy models, 

payback reduces further. 

10.5 Sensitivity Analysis 

Economic feasibility depends on: 

• Solar irradiance availability 

• Battery cost fluctuations 

• Thermoelectric module efficiency 

If battery cost reduces by 20%, total system 

cost reduces to ≈ ₹5500. 

If solar panel efficiency increases, smaller 

battery capacity required. 

Therefore, future cost reduction is expected 

with technological advancements. 

10.6 Scalability Potential 

The design can be scaled for: 

• Vaccine storage 

• Blood sample transport 

• Rural diagnostic kits 

Modular thermoelectric arrays allow higher 

cooling capacity scaling without 

compressor redesign. 

11. RESEARCH CONTRIBUTION, 

LIMITATIONS, AND FUTURE WORK 

11.1 Key Research Contributions 

This research provides the following 

scientific contributions: 

1. Application-specific thermoelectric 

refrigeration model for insulin 

storage. 

2. Integrated solar-battery 

thermoelectric architecture 

optimized for rural deployment. 

3. Coupled thermal-electrical 

modeling framework. 

4. Experimental validation under 

realistic tropical ambient 

conditions. 

5. 5.Environmental and economic 

comparative analysis. 

Unlike previous generic 

thermoelectric cooling studies, this 

work specifically targets 

pharmaceutical cold-chain 

reliability. 

11.2 Identified Technical Limitations 

Despite promising results, certain 

limitations were observed: 

https://ijsrem.com/
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• Low COP compared to vapor 

compression systems 

• Performance sensitivity to ambient 

temperature rise 

• Heat sink size constraints 

• Battery degradation over time 

As ambient temperature increases beyond 

35°C, thermoelectric efficiency decreases 

due to higher hot-side temperature. 

11.3 Performance Improvement 

Pathways 

Future improvements may include: 

1. High ZT Materials 

Use of advanced nanostructured materials 

with higher figure of merit (ZT > 2) can 

significantly improve COP. 

2. Multi-Stage Thermoelectric Modules 

Cascade modules allow higher ΔT with 

improved efficiency. 

3. Phase Change Material (PCM) 

Integration 

PCM can provide passive thermal backup 

during power loss. 

4. Advanced Heat Sink Optimization 

CFD-based airflow optimization can reduce 

hot-side temperature rise. 

5. IoT-Based Smart Monitoring 

Integration of GSM/IoT sensors enables 

remote temperature monitoring and 

predictive control. 

6. AI-Based Predictive Cooling 

Machine learning models can optimize duty 

cycling to reduce energy consumption. 

11.4 Broader Impact on Healthcare 

Systems 

The proposed system supports: 

• Decentralized healthcare infrastructure 

• Rural diabetes management 

• Improved vaccine logistics 

• Disaster-relief medical response 

This contributes to sustainable 

development goals (SDGs) related to 

health, energy, and climate action. 

11.5 Long-Term Research Vision 

Future research may focus on: 

• Hybrid thermoelectric–absorption 

systems 

• Ultra-lightweight composite insulation 

• Battery-free direct solar thermoelectric 

operation 

• Smart microgrid integration 

The integration of renewable-powered 

solid-state cooling systems may redefine 

decentralized refrigeration technology in 

low-resource settings. 

12. REFERENCES 

[1] D. M. Rowe, Thermoelectrics 

Handbook: Macro to Nano. Boca Raton, 

FL, USA: CRC Press, 2006. 

[2] G. J. Snyder and E. S. Toberer, 

“Complex thermoelectric materials,” 

Nature Materials, vol. 7, no. 2, pp. 105– 

114, 2008. 

[3] H. J. Goldsmid, Introduction to 

Thermoelectricity. Berlin, Germany: 

Springer, 2010. 

[4] Y. Du, K. F. Cai, S. Z. Shen, and C. X. 

Wang, “Thermoelectric materials and 

devices for cooling applications,” 

Materials Science and Engineering R, vol. 

135, pp. 1–34, 2019. 

[5] J. P. Fleurial et al., “Thermoelectric 

power generation materials,” Journal of 

Physics and Chemistry of Solids, vol. 58, 

no. 10, pp. 1697–1704, 1997. 

[6] B. Orr, B. Singh, and S. E. Kim, 

“Performance evaluation of thermoelectric 

cooling systems,” Applied Thermal 

Engineering, vol. 31, no. 14–15, pp. 2633– 

2640, 2011. 

[7] A. Shakouri, “Recent developments in 

semiconductor thermoelectric physics and 

materials,” Annual Review of Materials 

Research, vol. 41, pp. 399–431, 2011. 

https://ijsrem.com/


       
       International Journal of Scientific Research in Engineering and Management (IJSREM) 
               Volume: 10 Issue: 03 | March - 2026                        SJIF Rating: 8.659                                     ISSN: 2582-3930                                                      

 

© 2026, IJSREM      | https://ijsrem.com                                 DOI: 10.55041/IJSREM58409                         |        Page 9 
 

[8] J. Riffat and X. Ma, “Thermoelectrics: 

A review of present and potential 

applications,” Applied Thermal 

Engineering, vol. 23, no. 8, pp. 913–935, 

2003. 

[9] A. Min and D. Rowe, “Improved model 

for thermoelectric coolers,” IEEE 

Transactions on Energy Conversion, vol. 

18, no. 3, pp. 409–416, 2003. 

[10] M. H. Sharif and S. H. Mousavi, 

“Solar-powered thermoelectric refrigerator 

system,” Renewable Energy, vol. 34, no. 3, 

pp. 664–669, 2009. 

[11] A. A. Elsheikh et al., “A review on 

thermoelectric renewable energy,” 

Renewable and Sustainable Energy 

Reviews, vol. 91, pp. 1–15, 2018. 

[12] S. Lineykin and S. Ben-Yaakov, 

“Modeling and analysis of thermoelectric 

modules,” IEEE Transactions on Industry 

Applications, vol. 43, no. 2, pp. 505–512, 

2007. 

[13] R. Astrain, M. Vián, and J. Albizua, 

“Computational model for thermoelectric 

modules,” Applied Thermal Engineering, 

vol. 30, no. 11–12, pp. 1493–1501, 2010. 

[14] WHO, “Temperature sensitivity of 

vaccines,” World Health Organization, 

Geneva, Switzerland, Tech. Rep., 2015. 

[15] International Energy Agency, 

“Renewables 2022: Global status report,” 

IEA Publications, 2022. 

[16] J. Yu and B. Zhao, “Thermodynamic 

analysis of thermoelectric cooling 

systems,” Energy Conversion and 

Management, vol. 48, no. 12, pp. 3128– 

3133, 2007. 

[17] R. Yang and G. Chen, “Thermal 

conductivity modeling of thermoelectric 

materials,” Physical Review B, vol. 69, no. 

19, 2004. 

[18] D. Champier, “Thermoelectric 

generators: A review,” Energy Conversion 

and Management, vol. 140, pp. 167–181, 

2017. 

[19] A. Kaushik et al., “Design and analysis 

of portable vaccine cooler,” International 

Journal of Refrigeration, vol. 102, pp. 191– 

201, 2019. 

[20] P. B. Bhat and S. D. Kadam, “Solar 

refrigeration technologies,” Renewable 

Energy Journal, vol. 45, pp. 65–73, 2012. 

[21] S. Twaha et al., “Thermoelectric 

energy harvesting systems,” Renewable 

and Sustainable Energy Reviews, vol. 65, 

pp. 698–726, 2016. 

[22] R. Radebaugh, “Cryogenic 

refrigeration systems,” Proceedings of the 

IEEE, vol. 92, no. 10, pp. 1719–1734, 2004. 

[23] M. Chen et al., “Thermal modeling of 

Peltier cooling systems,” Applied Energy, 

vol. 87, no. 11, pp. 3473–3479, 2010. 

[24] S. R. Kumar and P. K. Bansal, “Energy 

performance analysis of thermoelectric 

coolers,” Energy and Buildings, vol. 42, pp. 

118–125, 2010. 

[25] A. Bejan, Heat Transfer. Hoboken, NJ, 

USA: Wiley, 2013. 

[26] F. Incropera et al., Fundamentals of 

Heat and Mass Transfer, 7th ed. Wiley, 

2011. 

[27] D. Zhao and G. Tan, “A review of 

thermoelectric cooling,” Applied Thermal 

Engineering, vol. 66, pp. 15–24, 2014. 

[28] Y. He et al., “Performance optimization 

of thermoelectric coolers,” Energy Reports, 

vol. 6, pp. 233–245, 2020. 

[29] K. Yazawa and A. Shakouri, “Cost- 

efficiency tradeoff analysis of 

thermoelectric devices,” Energy & 

Environmental Science, vol. 4, pp. 4284– 

4292, 2011. 

[30] S. S. Khedkar et al., “Portable solar 

vaccine refrigerator,” International Journal 

of Energy Research, vol. 41, pp. 1135– 

1144, 2017. 

https://ijsrem.com/


       
       International Journal of Scientific Research in Engineering and Management (IJSREM) 
               Volume: 10 Issue: 03 | March - 2026                        SJIF Rating: 8.659                                     ISSN: 2582-3930                                                      

 

© 2026, IJSREM      | https://ijsrem.com                                 DOI: 10.55041/IJSREM58409                         |        Page 10 
 

[31] UNICEF, “Cold chain logistics in 

developing countries,” UNICEF Supply 

Division Report, 2020. 

[32] N. S. Lewis, “Renewable energy for 

sustainable development,” Science, vol. 315, 

pp. 798–801, 2007. 

[33] M. Bell, “Solar photovoltaic system 

design principles,” IEEE Power & Energy 

Magazine, vol. 14, no. 3, pp. 34–42, 2016. 

[34] T. Seebeck, “Magnetische Polarisation der 

Metalle,” Annalen der Physik, vol. 82, 

pp. 1–20, 1826. 

[35] J. Peltier, “Nouvelles expériences sur la 

caloricité des courants électriques,” Annales de 

Chimie et de Physique, vol. 56, 

pp. 371–386, 1834. 

[36] W. Thomson (Lord Kelvin), “On the 

dynamical theory of heat,” Transactions of the 

Royal Society of Edinburgh, 1851. 

[37] B. Huang et al., “Experimental study of 

thermoelectric refrigerator,” Applied Thermal 

Engineering, vol. 24, pp. 105–112, 

2004. 

[38] S. Manikandan et al., “Solar 

thermoelectric hybrid cooling system,” Energy 

Procedia, vol. 117, pp. 567–574, 

2017. 

[39] A. R. Sahu and R. B. Singh, “Design of 

solar-assisted portable refrigerator,” Journal of 

Cleaner Production, vol. 215, 

pp. 532–541, 2019. 

[40] International Renewable Energy Agency 

(IRENA), “Renewable energy statistics 2023,” 

IRENA Publications, 2023. 

https://ijsrem.com/

