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At first glance, zero waste (ZW) means complete and total elimination or absence of waste. However, much more
than that, ZW entails waste prevention and where all materials are reused. It is a philosophy that forbids sending

any unused material to landfills, dumpsites, or incinerators.
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| 1. Zero Waste Manufacturing

At first glance, zero waste (ZW) means complete and total elimination or absence of waste. However, much more
than that, ZW entails waste prevention and where all materials are reused. It is a philosophy that forbids sending
any unused material to landfills, dumpsites, or incinerators. Under ZW, the keyword is conservation of resources. It
involves responsible utilization, re-utilization, and recycling of resources to safeguard human health and preserve
the environment (2. The Zero Waste International Alliance (ZWIA), an organization working towards a world without
waste, seeks to eliminate wastes by resisting incineration, landfilling, and dumping but by developing innovative
ways of promoting resource conservation and waste conversion to use raw materials for the production process
and for the sustainability of the environment 23],

Improved waste management, inappropriate waste disposal, open dumping of waste, and landfilling pollutes
natural habitats (air, land, and water) and exacerbates health-related problems. Greenhouse gases such as carbon
monoxide and methane generated from the refuse heaps at dumpsites promote air pollution, whereas the leachate
formed in the landfills contaminates ground and surface water sources. Proper waste management strategies
including waste prevention, minimization, remediation, and re-utilization can help solve many avoidable problems

and safeguard the ecosystem.

Zero waste manufacturing (ZWM) entails the various techniques that promote a manufacturing system that utilizes
minimum materials, generates minimum wastes, and encourages waste re-utilization. Though wastes cannot be
completely prevented in manufacturing processes, strategies that allow waste prevention, minimization, recycling,
redesigning, and re-use contribute towards ZWM processes. Waste generated from manufacturing can be
substantially reduced by the adoption of methodologies that allow a product to be used for other applications after
becoming obsolete or undesirable for its primary application. This means creating a product with multi-utility
capability and a dependable service life across multiple utilization cycles is a way to achieve ZW in the

manufacturing sector. Additionally, conventional manufacturing processing poses a great challenge to the concept
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of sustainable material utilization, lean material production, and minimum material removal during production. To
achieve ZWM, innovative manufacturing techniques and pathways must be adopted and utilized.

| 2. Major Avenues for Achieving ZWM
2.1. Application of Innovative Technologies

The advent of new technologies has led to improvement in every facet of the economy and lives. The performance
of the manufacturing sector has been enhanced by the introduction of various innovative, fast and cost-saving
technologies. The fourth industrial revolution (4IR) combines physical, digital, and biological technologies that
improve the flexibility, agility, and pace of production systems to meet the rising demand for goods and services.
The 4IR involves the application of notable technologies such as the 10T, big data, analytics, robotics, additive
manufacturing, machine learning, lean manufacturing, Al, high-performance computing, among others, to produce
high-quality products in a cost-effective, labor friendly and environmentally friendly manner . The deployment of
4IR technologies in the manufacturing sector has enhanced productivity, improved product usefulness, reduced
energy consumption, ameliorated emission of toxic gases, and led to waste reduction &€,

Various researchers have utilized technologies to improve manufacturing processes and outcomes to raise
productivity while minimizing waste. In extant research, Lu I and Wang et al. [& chronicled the application of 4IR
technologies such as the Industrial Internet of Things (IloT), cloud computing, big data analytics, robotics, etc. in
the manufacturing sector towards improved efficiency, environmental sustainability, energy management, cost
reduction, and waste minimization. There are many advantages derivable from the application of innovative
technologies to ensure effective manufacturing systems though with obvious challenges (Table 1). The application
of Al ensures automation and precision manufacturing thereby reducing waste when compared with human or
traditional manufacturing processes =29,

Table 1. Benefits and limitations of 4IR technologies in manufacturing.

Technologies Benefits Limitation Ref.

. . High initial cost.
Precision manufacturing 9

Al . Requires maintenance and complex 21201
Automation -
programming
Lack of imagination,
Higher output efficiency ingenuity, and
Precision manufacturing personality
. Additive manufacturin High initial financial
Robotic litive manufacturing igh initial fi i [11][12]
Elimination of errors investment
Repetitive operation efficiency Industrial robots require sophisticated
Enhance productivity and reliability operation, maintenance, and
programming
Robotic Waste reduction Scarce expertise [13][14]
machining Better quality products High initial investment
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Technologies Benefits Limitation Ref.
Consistency in operation High running cost
Ensure mass product
. customization High energy utilization
Attainment of zero-defect product.
Intelligent process monitoring concerns ab.OUt
Big data Online and offline breakdown - . cypersecurlty . . [15][16]
. L Likelihood of identity breaches, identity theft,
analytics prediction
Intelligent predictive and preventive Gl da.ta. O
maintenance Connect|\(|ty frjmd
Reduction in downtime due to communication
machine or human failure
Zero defect
Zero waste
User friendly and convenient Technology
Real time machine monitoring vulnerabilities
Data security in the cloud Data leakage, loss, or theft (L7)28]
Opportunities for upskilling Unreliable internet (9]
Scalability and flexibility communication
Cost minimization Uncontrollable resources
Maximum efficiency
Cloud Compatibility with older systems
computing
Waste prevention and reduction Relatively new and
Innovativeness immature [20]
Flexibility No standard of
Improved performance implementation
Waste reduction, reuse, and
recovery Cyber security issues 21

Flexibility and scalability
Increased process resilience

MNCITICIIVCO

Difficulties in technology integration

1. Singh, S.; Ramakrishna, S.; Hussain, C.M. The realm of zero waste technology: The evolution. In
Concepts of Advanced Zero Waste Tools; Hussain, C.M., Ed.; Elsevier; Amsterdam, The

Additionally, robotic technolog
Netherlands, 2021; pp. 1-21

helps in automation, performs hazardous jobs, and does repetitive jobs for a long

duration with minimum errors due to'fatigue thereby ensuring waste prevention and minimization [L1]L2],
2. Zero Waste International Alliance. Available online: https://zwia.org/ (accessed on 10 January

The@gatnuous application of novel technologies and manufacturing techniques holds the key to less waste
%eneration, fewer product errors, and smarter products. in the foreseeable future. Though the use of these
. Awogbemi, O.; Kallon, D.V.V.; Onuh, E.I.; Aigbodion, V.S. An overview of the classification,
technologies comes with increased cost, the benefit of their adaptation will be visible in reducing waste and waste
production and utilization of biofuels for internal combustion engine applications. Energies 2021,
mari%geéréesr% costs, lower cost of materials, and near abrogation of defective products. Effective man-computer

symbiétic association, also called Augmented Intelligence can address some of the emerging challenges and

idcrdhstierédattan butdtuHessude A dydehaliserrgionron the trends of habilitating technologies for
Industry 4.0 and Smart manufacturing. Manuf. Lett. 2018, 15, 60-63.

%f%:rgr?&?,&g?%taﬁelﬁgggrg!I[‘.%.?R)galg,e l&'f.%?l#&ul\élt?y ![I.Bat(c:alélﬁln%%gies: Implementation patterns in
manufacturing companies. Int. J. Prod. Econ. 2019, 210, 15-26.
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glass.
10. Pimenov, D.Y.; Bustillo, A.; Mikolajczyk, T. Artificial intelligence for automatic prediction of required

2 .5¥ripgsasteusidess by monitoring wear on face mill teeth. J. Intell. Manuf. 2018, 29, 1045-1061.
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con:YSng_ 102gg.architectural mortar with improved durability, compressive strength, and workability 28, In extant
research, Keawthun et al. [22 demonstrated the application of recycled waste glass when they recovered sodium
1didstBrsréntte Hasa, st diabd. W ARG Jikbs e deplichris & BealMifs, BiddRORatitsashiHaBufers
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produced tiles possess improved compressive strength and better load carry capacity B1. Since glass is not

1o RGP RN K% i SRKRGnd + USRI P AR SR FMG SO TRLER PSS VBN Bhn
andP USSR AT RIS Honghast RRRAYSH LRSYRIG 12 SURRRHSYRIRINARIS SMAMmAOasyng: A

framework, challenges and future research directions. J. Clean. Prod. 2019, 210, 1343-1365.

1%“2A?sk‘ﬁ(‘§sie%ﬁﬁ’r‘é‘f R. Cloud Computing in Industries: A Review. In Recent Advances in
onM§RENGA RIS pURRAL LRI uhe BPer I 0G5 R NIRRT 692 0akls R rtidSas have
ligeVado@edZteeng)Vdrt Bagse Lplaxie, X.;pehohglideY. ;jatalvel. Db idiegrafbctisriigengmmreded fesliewe

en\4imnme@@mgdenmmgﬁemanuﬁr@mmgQMmful emissions when used to power internal combustion

engines [B2I33134] |n other research, waste plastic has been converted to catalysts for biomass valoyization 2!,
19.°Siderska, J.; Jadaan, K.S. Cloud &?nufacturlng: A service-oriented m_anu[%?turlng paradigm. A
nanofoam for environmental remediation 22!, and qil for éngine lubrication applications =4,

review paper. Eng. Manag. Prod. Serv. 2018, 10, 22-31.

2.2.3. Waste Tire
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Some of these applications offer low-cost, environmentally friendly, and waste conversion advantages in road and
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indfiegyganzimymastepickers: A case study in Nanjing, China. Waste Manag. Res. 2018, 36, 767-
778.

2%'.2I\I4dalgﬁftﬁr.);a%%rhvaee, V.M. Sustainable concrete for circular economy: A review on use of waste
ActABER: (iaSHa %287 hal 188n propelled by numerous environmental, sanitation, and cost benefits
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replaeR P RSt A Pasyi BIRSIS [ Eh M’q_gq_@;ts, the use of books and other paper products will continue to

increase. Papers are used in the production of books, magazines, cardboards, stationaries, copying, commercial
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Notes in Civil Englneerln 'Sprl[ng(?r: Slnlg ore, 2021: Volume 143 PR 3?9—410.

enhance sanitation,” efsure apgr’op late “disposal~ol” waste papér, a green apprbach fo waste’ management, and

2hfdgumetsribe Bnyifonadmar, R.; Sivakugan, N. Performance of recycled waste glass sand as partial

replacement of sand in concrete. Constr. Build. Mater. 2020, 239, 117804.

2.2.5. Waste Metals _
27. Lu, J.X.; Zhou, Y.; He, P.; Wang, S.; Shen, P.; Poon, C.S. Sustainable reuse of waste glass and
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indasseksmentdreCleasn. rRajod. 2033 s 206, didb3&cycling includes collection, separation/sorting, cleaning,
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co re%]c(t)?garrr? e?na.lr&usua )treme ted %(}a}séﬂ"’lt%?_%ﬁs and sold to industries for further use. Sustainable end-o

oncr.‘.ompaos.
life products of metal conversion include construction parts 22, automobile parts B8, fasteners such as machine

2 r K paWHNE: Mrekidashoshelis nhRIRE BRd Araf@BVESSIRTY Porkasig alasaes 1ifsSadisimisiitaiesinks
ancPRAHERANS; MHnbduiaEn S edbé ihéd33p&erage containers, roofing and window frames, to mention but

FQRE STEE PARRI M ERNBLUAY SRR AR SEOHITYS ARG NPERS AG B AR tsHRines RS Esentpcess
conﬁ@y_g’tglr?g_ﬁg@jitgatpn. Recycling waste metals also ensures energy savings and slows landfill growth.

However, a lot of time, resources, and energy are expended during the collection, sorting, and conversion of waste
SheRIYCRRutirafy AR Y Caliod@RERRME PR N MGHR, 45 BUUS S TR Y)Y B LRSI tRStR

toxAESTHB QSR &7 et O IS RRADEP RIS leratlYs ROWHSHGSA 10300 8n 2Rary BRI b failure
3nrpbasgetREPI8% S ; Vasudeva Rao, N.; Manikanta, J.E. Conversion of waste plastic to fuel

products. Mater. Today Proc. 2020, 33, 5190-5195.

2.2.6. Waste Textiles
33. Huo, E.; Lei, H.; Liu, C.; Zhang, Y.; Xin, L.; Zhao, Y.; Qian, M.; Zhang, Q.; Lin, X.; Wang, C.; et al.
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frorVige BaiealtaliBproversalany 8idywiB84ilthe rate of filling of landfill spaces, and lessen the use of water,
energy, and chemicals in the production chain. Compared with incineration and landfilling, textile recycling is more
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