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2. Abstract

This paper presents the design, simulation, and hardware implementation of a low-cost,
modular compressed air energy storage (CAES) system tailored for renewable energy
applications. The system operates by storing excess energy from renewable sources through air
compression and later recovering it by expanding the stored air through a pneumatic motor
coupled with a permanent magnet DC generator. Control strategies are implemented using a
microcontroller-based system for regulating charging, discharging, and pressure levels.
Experimental evaluation demonstrates stable voltage output, good response under varying
loads, and acceptable round-trip efficiency, making this system suitable for off-grid, rural, and
small-scale energy storage needs.
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4. Background

Renewable energy sources such as solar and wind provide sustainable power but suffer from
intermittency, necessitating reliable energy storage systems. While batteries dominate the
market, they involve issues such as degradation, high cost, and disposal hazards. Compressed
Air Energy Storage (CAES) is an emerging alternative that stores energy mechanically by
compressing air during periods of surplus and releasing it to generate electricity when needed.
Despite its promise, CAES systems are under-explored in small-scale and real-time renewable
contexts.

5. Problem Statement



Existing energy storage technologies either lack scalability or are unaffordable in rural and
decentralized contexts. CAES offers a mechanical solution, but miniaturized systems with real-
time control and renewable compatibility are still lacking. There is a gap in demonstrating
integrated, hardware-based CAES prototypes for practical deployment.

6. Research Questions
e Can a low-cost CAES prototype efficiently integrate with renewable inputs?

e How can pressure, airflow, and output voltage be regulated in real-time using a
microcontroller?

e What are the performance metrics of such a system in variable load and energy input
scenarios?

7. Literature Summary

Prior studies have explored large-scale CAES for grid stabilization and industrial energy
buffering. However, literature on micro-scale, hardware-based CAES systems integrated with
real-time control and renewable simulation is limited. Most work remains in simulation with
little physical prototyping, particularly for rural applications.

8. Gap Identification

A critical gap exists in designing and implementing real-world, small-scale CAES systems with
embedded control that can handle variable renewable input and output demand. There is
minimal experimental work validating performance under such practical conditions.

9. Novelty

This work presents a complete design-to-deployment model of a CAES system built using
accessible components, featuring microcontroller-based control logic, and tested under
renewable energy simulations. The modular and scalable design makes it unique in terms of
cost, portability, and adaptability.

10. Conceptual Framework
The system comprises:
e ADC air compressor powered by renewable sources or simulated input

o A pressurized air storage tank



e A pneumatic motor connected to a PMDC generator

e A microcontroller-based controller that manages charging, discharging, pressure
sensing, and voltage regulation

11. Objectives
e To design a compact, renewable-compatible CAES system
e To implement real-time control using a microcontroller

o To evaluate system efficiency, voltage stability, and dynamic behavior under varying
loads

12. Hypothesis

A properly designed compressed air energy storage system with microcontroller-based
regulation can deliver stable electrical output from renewable energy sources with at least 50%
round-trip efficiency and <10% output ripple.

13. Variable Mapping
Variable Type Source

Input voltage Independent Renewable source/simulation
I s Dependent  Air compressor output
Olipaiiaiziges Dependent PMDC generator
|Cipibesieiiives Controlled  Connected device/load

Efficiency Derived Output/Input energy ratio

14. Scope

This work focuses on:
e Renewable energy integration at the microgrid level
e Low-power CAES (~50-150W scale)

o Real-time hardware testing and analysis

15. Limitations



e Thermal energy from compression is not recovered
e Short-duration storage (minutes, not hours)

e Scalability to large power systems is not addressed in this stage

16. Design Type

Experimental design with hardware validation and simulation-based performance modeling.

17. Sampling Method

Data collected from multiple charging/discharging cycles with varying input voltages (8V,
10V, 12V) and output loads (10Q-309).

18. Sample Size

25 controlled experiments to measure repeatability, efficiency, and stability

19. Locale

Laboratory setting replicating real-world renewable energy fluctuations.

20. Tools
e Microcontroller (e.g., Arduino/STM32)
e MATLAB for input simulation
o Digital multimeter, pressure sensor, flow meter

e Air compressor, PMDC generator, pneumatic motor

21. Data Source
e Real-time sensor data from hardware setup

o Simulated solar/wind profiles for input patterns

22. Model / Algorithm Used

e Control logic for charging/discharging implemented in C/C++



e Simple Pl-based pressure regulation

e Voltage monitoring for automatic shutoff/load switching

23. Statistical Results
e Output ripple: £6.1%
e Round-trip efficiency: ~53% average

o Stable voltage after 4.2 seconds of discharge in each cycle

24, Feature Importance
e Air pressure and turbine RPM had highest correlation with output voltage quality

e Load size influenced discharge duration more than pressure variation

25. Interpretation

System performance indicates practical viability for rural deployment with controlled load
environments. Efficiency can improve with thermal management and refined motor tuning.

26. Benchmarking

Compared to battery and flywheel alternatives, CAES showed lower energy density but
greater mechanical resilience and zero chemical degradation.

27. Validation

Hardware results matched simulated discharge profiles with <5% error margin, validating the
control logic and energy model.

28. Error Analysis
e Sensor drift (~2.3%)
e Mechanical losses in motor and bearings (~4%)

o Electrical conversion inefficiencies (~5-7%)

29. Discussion of Results



The CAES system showed promising voltage regulation and repeatability across test cycles.
Response under dynamic load proved that microcontroller-based logic effectively stabilizes
output.

30. Strategic Implications

In resource-constrained regions, this system offers a practical method to store renewable
energy without relying on expensive batteries.

31. Managerial Implications

Small enterprises and energy cooperatives can implement similar setups for powering basic
infrastructure, especially in remote areas.

32. Policy Implications

Policy support for CAES deployment in decentralized energy missions (like Saubhagya or
PM-KUSUM) can promote non-battery-based storage alternatives.

33. Theoretical Contributions

Demonstrates how compressed air storage principles can be miniaturized and controlled via
embedded systems for real-time power delivery.

34. Practical Contributions

Offers a reproducible design and test framework for educational labs, startups, and low-cost
renewable energy pilots.

35. Summary of Findings
o Successfully built and validated a modular CAES system
o Delivered consistent voltage across multiple load conditions

o Demonstrated practical integration with simulated renewable inputs

36. Limitations Recap

e No integration of thermal recovery system



o Fixed air tank capacity

e Mechanical performance subject to component quality

37. Future Scope
o Integrate heat exchange system to improve efficiency
e Scale to S00W—-1kW CAES unit with automatic load shifting

e Deploy field test in solar/wind hybrid microgrid

38. Managerial Recommendations

Encourage industries with compressed air infrastructure to integrate CAES units for load
balancing and peak shaving.

39. Policy Recommendations

Incentivize research on non-battery storage systems and standardize CAES modules for
renewable storage in rural energy plans.
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