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Abstract. The change in climate and the increased frequency of unexpected
natural disasters (like earthquakes, landslides, floods, and such) has induced
obligatory interest in the construction industry focusing on sustainable
practices, particularly in producing recycled concrete aggregate (RCA) and
related products to reduce environmental impact. This study highlights the
significance of integrating renewable energy sources and advanced power
electronics to enhance the RCA production process. Using renewable energy
systems helps minimize the carbon footprint of crushing, sorting, and
processing concrete waste. Power electronics are critical in enhancing
energy efficiency, enabling precise machinery control, and ensuring
seamless integration of intermittent renewable energy into the production
workflow. The study evaluates this approach's technical and economic
feasibility through case studies, emphasizing potential energy savings,
reduced operational costs, and enhanced sustainability metrics. The
incorporation of renewable energy systems with power-electronic
technologies would be a effective and efficient choice for transforming the
traditional RCA manufacturing process into energy-efficient. The
innovative adoption of vibration-based energy harvesting making use of
mechanical waste (vibration) into useful energy elevates the RCA Process
and products a green and sustainable. In conclusion, this study and proposal
enhances the understanding of sustainable construction materials and offers
insights for researchers and industry stakeholders aiming to utilize eco-
friendly technologies.

1 Introduction

The construction of buildings and other infrastructure relies on natural aggregates for their
raw (building) materials across the globe. Advancement across various fields demands for
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the infrastructural expansion / enhancing the existing infrastructure to accommodate the
change in progress. This results in increased construction, demolition, and reconstruction of
buildings and other infrastructure. The other key parameters that influence the cause are the
increase in urbanization and the need for developing sustainable and smart cities.

The increase in demolition of the existing high-rise buildings and other crucial
infrastructures has led to a substantial quantity of construction and demolition waste (CDW).
The accumulation of these wastes raises concerns about the environmental balance, as these
cause landfill overflows, increased carbon emissions, and increased construction
requirements, which may lead to resource depletion. To address these concerns, the analysis
of possibilities of recycling debris from CDW to address these concerns has resulted in the
concept of RCA. RCA not only addresses the concern of managing CDW, but also the
necessity for relying only on natural resources has reduced, which would prevent resource
depletion, enhance circular economy, and serves as a sustainable alternative resource for
construction purposes.

RCA refers to creating concrete aggregates from the CDW by processing it through
various stages which include extraction, crushing, washing, screening, and sorting. Followed
by this process, the resultant undergoes rigorous testing to ensure that it meets the quality
standards. The approach leads to the development of valuable, sustainable, and recycled
resources for constructing various types of infrastructure by transforming the CDW. The
advanced material processing techniques have even resulted in the development of producing
RCA with qualities that align with the natural aggregates and even exceed the expectations
in some cases, which makes them employable to create aggregates for high-performance
concrete applications. RCA would result in reduced ecological impact, minimizing the
greenhouse gas emissions and carbon footprint associated with the transportation and
extraction of natural aggregates. Despite the benefits of RCA, there are concerns of
equipment and high energy utilization, which includes both fossil fuels based, and electrical
energy based. This is because RCA demands rigorous processing, which includes specialized
equipment for the production process.

The development and integration of energy efficient technologies for the purposes of
RCA production process becomes essential. This would include replacing the diesel-powered
machinery with energy efficient electric power machinery, also in considering IoT based
monitoring systems would ensure, RCA production process becomes more environmentally
friendly and sustainable process, adding value to its end-user (RCA) products and addressing
UN — SDG11, Sustainable cities and communities; SDG12, Responsible consumption and
production; SDG 9, Industry, innovation and infrastructure and SDG 17, Partnerships for the
Goals that emphasis the necessity of the adopting process like RCA.

The advancements in renewable energy technology, which include solar PV systems,
wind energy generation systems, and biomass generation, could be used for the RCA
production process to energize the system (solar and Wind), and/or recycle the debris
(biomass generation) at the CDW collection site. This would reduce the dependency on the
relying on fossil fuels for powering the equipment involved in manufacturing RCA products.
As an additional and more innovative approach, vibration-based energy harvesters shall be
employed to generate electrical energy, as most of the stages of the production process
generate enormous vibrations during the process. This would further optimize energy
dependencies and escalate the RCA production process towards eco-friendlier and more
sustainable, in terms of the production process and the products developed.

The rest of the article is segmented as section 2 briefing the RCA Production Process,
followed by section 3 which deal with the equipment involved in RCA production process,
then section 4 that deals with Energy Efficiency in RCA Production Process then section 5
Power Electronics in Enhancing Energy Efficiency and Sustainability of RCA Production
Process which is followed by section 6 Renewable Energy Sources for RCA Production and
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section 7 on Energy Harvesting from the RCA Production Process before the conclusion in
section 8.

2 RCA Production Process

The process of converting/transforming the construction and demolition waste (CDW) into
usable RCA is carried out by the following sequential stages/process, starting from (1)
Extraction/collection of CDW, (2) primary crushing, (3) screening, (4) secondary crushing,
(5) washing and sorting, and (6) stockpiling and distribution [1]. Fig. 1 shows the
aforementioned processes and Fig. 2 shows the sequence of the processes and is briefed in
the following section.
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Fig. 2. Sequence of the Process

2.1 Extraction/Collection of CDW:

This stage involves the extraction and collection of CDW from the demolition site in a
manner that ensures to preserve the quality of the debris (old concrete and other materials),
which is then processed accordingly.

2.2 Primary crushing:

This is the second and one of the important stages of the process, in which the bulky concrete
structures are fragmented into smaller and finer particles that can be managed/handled more
easily. Impact crushers and jaw crushers are generally employed for this purpose.

2.3 Screening:

Primary crushing is followed by a screening process, where the fragmented aggregates are
segregated based on their size which enables the collection/grouping of similar-sized
materials that can be employed for suitable construction applications based on their size.

2.4 Secondary Crushing:

The fragments of the aggregates that do not meet the application requirements in the
screening process undergo through the crushing process again, this is known to be the
secondary crushing process. The secondary crushing process ensures that the aggregates are
further fragmented into usable aggregates. The secondary crushing process involves cone
crushers or additional impact crushers for the purpose of fragmenting the aggregates.
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2.5 Washing and Sorting:

This process is very crucial for ensuring the purity and quality of the aggregates for making
the aggregates worthy for high-grade concrete production. The contaminants present in the
fragmented aggregates are cleaned with water-based systems. The contaminants could be
dirt, dust, or other impurities that would degrade the quality of the aggregates.

2.6 Stockpiling and Distribution:

Stockpiling until distribution for appropriate/new construction project is also considered as a
part of the RCA production process, since proper storing mechanism/methodology is
essential to prevent contamination of the aggregates, as flaws in it would lead to quality
degradation of the aggregates.

3 Equipment involved in RCA Production Process

The equipment involved in processing the RCA is similar to that of the natural aggregate
processing, and the equipment involved for processing aggregates at different stages is shown
in Fig. 3 [2]. To start with, the extraction/collection of CDW, excavators, and loaders are the
prime equipment employed. If the extraction is to be done from the riverbed or if it is marine
aggregate extraction, then a dredger comes into the picture in addition to excavators and
loaders in the extraction phase of the RCA process.
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Fig. 3. Manufacturing process of recycled concrete aggregates and the equipment used in
the process.

The primary crushing involves jaw crushers, Gyratory Crushers, and Impact Crushers.
The secondary crushing stage involves cone crushers and ham mills for fragmenting the
aggregates. The intermediate process between primary and secondary crushing is the
screening process, which employs Vibratory Screens and Trommel Screens for categorizing
aggregates. Log Washers, Sand Classifiers (Screw classifiers/Hydro cyclones), and
Dewatering Screens are the equipment housed for the purpose of washing and sorting the
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contaminations of the aggregates. Stockpiling generally makes use of the belt conveyors and
stackers in addition to bins and hoppers.

The equipment for both natural aggregate processing and recycled aggregate processing
may be similar. However, specific configurations and settings are to be adjusted/tuned to suit
the appropriate handling of the recycled aggregates based on their unique characteristics.

4 Energy Efficiency in RCA Production Process

The conventional aggregate production process involves crushers and conveyors which are
diesel-powered. Fig. 4 shows the production process, and the type of energy used for the
process[3]. Transforming these diesel-powered machinery to electric-powered machinery
would be the first part of the energy efficiency in the RCA production process, which would
also result in reduced greenhouse emissions and enhanced efficiency, and less wear and tear
compared to diesel-powered machinery.
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Fig. 4. Production Process of RCA.

Employing variable frequency drives (VFDs) will enhance speed control of these
electrified machinery; also, considering multi-level inverters-based power supplies for these
VFDs will result in reduced harmonic distortion, improving energy efficiency and enabling
better grid stability.

Along with the aforementioned machinery modifications, implementing IoT-based
monitoring[4] of the RCA production process and Al-based real-time data analytics can assist
in Al-driven predictive analysis combined with smart grid integration. These enable
optimized power flow and energy distribution in the aggregate production stages/plants.

Other measures for improving energy efficiency include the usage of carbon capture and
utilization (CCU) technologies that capture the CO2 emissions from the crushing processes
which can be used for curing concrete, enhancing the material properties and reducing carbon
emission, employing supplementary cementitious materials (SCMs) could reduce carbon
embodied in RCA based concrete green hydrogen could be considered for the thermal energy
generation which is a sustainable alternative for high-energy processes. Fuel cell technology
is a viable source of hydrogen energy generation and could result in hydrogen powered
aggregate production plants.

Water management plays a significant role in enhancing energy efficiency, recycling the
water used in the washing stage in terms of aggregate washing and dust removal, rainwater
harvesting in production plants, and using VFD-based smart water pumps to enhance water
management further. In addition to the above, sludge from the washing process, on
appropriate processing, can be transformed into usable byproducts such as fine aggregates,
resulting in waste minimization and maximizing material utilization.

Digital and smart manufacturing techniques of the Al era are a boon for the purpose of
enhancing energy efficiency. Al-based operational and predictive maintenance models would
assist in reducing energy usage and improving equipment lifespan. Also, blockchain
technology, if employed, will ensure transparency in the aggregate production process,
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enabling carbon footprint assessments, optimizing energy utilization, and verifying the
plants' sustainability.

5 Power Electronics in Enhancing Energy Efficiency and
Sustainability of RCA Production Process

The technological advancements in electric motor drives, power electronic converters, and
automation have deep-rooted the energy efficiency enhancement in almost all engineering
equipment, which could be domestic appliances, industrial grade equipment, military or even
aerospace equipment, resulting in reduced energy utilization and enhanced performance to
improve the process in which it is being employed. These technological advancements also
have intruded into RCA production process concerning energy efficiency and sustainability.
There are three key areas in which these contribute to enhancing the energy efficiency process
and sustainability:

(1) Optimizing Electric motors in crushers and conveyors, the power converters and drive
technology aids in controlling the speed and torques of the electric motors employed in the
crushers and conveyors, this way the energy utilization can be optimized resulting in energy
saving and reduced operational costs.

(2) Regulating power in renewable energy-driven washing plants, power electronic
converters have become an inevitable part of any power supply or power management
system, especially renewable energy systems, where they act as the soul of the system. The
renewable energy-based washing station will improve the process station's sustainability; if
the renewable energy source is water-based, then the water source can also be used for the
washing plant, improving the plant efficiency at a reduced operation cost and zero
emission[5].

(3) Smart grid connectivity for energy management: The smart grid enables real-time
monitoring and management of energy consumption, and the integration of the RCA
production process with the smart grid is seamlessly facilitated by power converters,
switching networks, and their automation.

5.1 Power Electronic Converters involved in RCA Production Process

Power electronic converters play a crucial role in integrating renewable energy sources and
RCA production in the context of effective power conversion and optimized energy
distribution/utilization ensuring grid stability.

A few key converters that could be employed for the purpose include DC-DC converters
to regulate voltage and power flow in solar PV-based systems, DC-AC converters for
converting the stored DC power to usable AC source for supplying the RCA processing
equipment, AC-DC converters for energy storage and processing equipment in case of wind
and hydro based energy generation, and bi-directional converters which allow efficient
energy exchange between the sources, RCA equipment and energy storage units. In addition
to these, variable frequency drives are key power electronic devices that find their
employability in speed control applications of the motors used in conveyors, crushers, and
pumps, resulting in reduced energy consumption.

6 Renewable Energy Sources for RCA Production

Fossil fuels have been the prime source of electrical energy generation along the side of
hydropower generation over the past century; depletion of the availability of fossil fuel
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resources has led to a search for alternative solutions[6]. Nuclear power plants emerged as a
key alternative in the 1950s from Russia. The energy generated by it was comparatively
extensively enormous for the raw material used. Still, the slug of these power plants is toxic,
and disposal becomes most tragic, where the necessity for clean and renewable energy
generation has blossomed. From that point since, nations across the globe began the quest for
such clean and renewable energy generation methods, resulting in key renewable energy
generation methods, including solar PV, wind energy, and biomass-based energy in addition
to the hydro-powered generation, which has existed since the 1870s[7]. Geothermal energy
generation and hydrogen-fuel cell based energy generation are other two key energy
generation which are clean form of energy generation having comparatively less contribution
to the current energy requirements[8]. Fig. 5. depicts the share of renewable in the total global
consumption as on 2021, this is keep increasing year on year as the installed capacity is
increasing accordingly[9].

3%

Agriculture

|
16.8% 15.9% 3.9%| 15.4%

Renewable Renewable Renewable Renewable
enerav enerav enerav enerav

Fig. 5. Renewable energy share in the total global consumption by various sectors as on
2021.

Among the various aforementioned sources of clean and renewable energy generation,
few can be more effectively employed for the RCA production process based on different
grounds. The few include solar energy generation, wind power, and biomass-based
generation[10]. A hybrid method of energy generation combining these can also be adopted
based on the geography of the production plant, forming a microgrid that enables effective
power generation from these sources.

Solar photovoltaic based power generation systems[11] can effectively be used for the
primary and secondary crushing processes along with screening and washing processes. The
energy generation can be maximized implementing maximum power point tracking and
enhanced by incorporating appropriate power electronic converter topologies to optimize
energy transfer and storage when there is excess power production.

The geographic locations with extensive wind potential may employ wind-based energy

generation or a hybrid generation along with solar to have a consistent power generation to
ensure a smooth integration with a grid connected or off grid production plant[12].
On the other hand, biomass-based energy generation can support the RCA production
processes in multiple ways. One be the power generation for the electrified RCA production
plants, and the other be the gasification and anerobic digestion[13] of the organic (wood and
biodegradable) materials that are collected from the debris of the demolition site resulting in
maximizing the recycling process of the debris.
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7 Energy Harvesting from the RCA Production Process

Irrespective of the process stage, in addition to the usage of power electronic converters,
renewable energy sources, and smart grid for energy enhancement and sustainability of the
RCA process, vibration is one common aspect that occurs in all these processes, and the level
of these vibrations are extreme in some of the process involved.

Vibration-based Electric energy generators are one of the alternative energy-generating
methods that the globe is taking seriously[14] in the recent years. The Fig. 6. shows an
illustration of the magnetic energy harvester that generates electrical energy from
vibrations[15]. Some countries have already installed vibration based electric generators in
pedestrian paths for energy generation and generating considerable amount of energy over
the years.
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Fig. 6. [llustration of vibration-based electromagnetic energy harvester.
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The availability of these generators and ease of implementing feasibility is also increasing
day by day across the globe, focusing on sustainability and clean energy generation and
cutting out emissions, possibly aiming at zero emissions. In such a scenario, the process
stages of RCA production are a great source of vibrations; with appropriate design and
planning, considerable energy can be generated in each process, which could even electrify
the process itself.

8 Conclusion

The RCA production from CDW is a more significant progress towards sustainability in the
case of the construction industry as it converts the CDW waste into reusable products and
reduces dependency on natural aggregates without compromising the quality. This is a
progressive step towards a circular economic approach and environmentally friendly
products, conserving natural resources in the era, focusing more on sustainability due to the
faster depletion rate of natural resources, due to an extreme increase in consumption.
However, the manufacturing process of RCA products does include numerous rigorous
processes which require specialized equipment, resulting in concern of energy requirements
and carbon footprint offsetting benefits towards sustainability.

Incorporation of renewable energy systems, wind, solar PV, and biomass along with the
power-electronic technologies such as variable frequency drives and multilevel inverters, sets
an alternate for the concern. This is achieved by shifting the manufacturing equipment energy
requirement from diesel-based equipment to energy-efficient electric drives, reducing the
carbon footprint caused by the RCA manufacturing process. The incorporation of biomass
generation for effective usage of the combustible debris from the CDW adds value to the goal
of progressing towards a sustainable production process. Furthermore, IoT-based monitoring
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and Al-driven analytics optimize the RCA production process, ensuring predictive
maintenance, real-time energy management, and operational transparency.

The innovative ideology of generating energy from the vibrations caused during the
manufacturing process through a vibration energy harvester is another opportunity for
converting the mechanical waste into usable energy. Overall, these approaches make the
RCA production process a low-impact and high-performance solution than a mere waste
management and recycling process, paving the way to greener and efficient RCA
production. Collectively, this approach aligns with multiple UN sustainable goals: SDG11,
Sustainable cities and communities; SDG12, Responsible consumption and production; SDG
9, Industry, innovation and infrastructure, and SDG 17, Partnerships for the Goals that
emphasize the necessity of the adopting process like RCA.
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