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RESUMO

O volume crescente de residuos eletroeletronicos (REs) ¢ um desafio global que exige solucdes
inovadoras e sustentaveis. Todavia, politicas e técnicas para gestao de REs sdo intrinsicamente
complexas, com ineficacias no descarte e na recuperacdo de matérias-primas valiosas. Nesse
contexto, essa dissertagdo avalia a aplicabilidade do modelo de Organizacdes Autonomas
Descentralizadas (DAOs) no desenvolvimento de solugdes técnicas inovadoras na reciclagem
de REs. Essa avaliagdo ¢ composta por trés dimensdes: governanga organizacional, problemas
empiricos e regulatdrios e viabilidade técnica, e cada uma destas dimensdes ¢ explorada por um
dos trés artigos de pesquisa que compdem esse trabalho. Primeiramente, desenvolve-se um
framework conceitual sobre a estrutura de governanca comunitaria em DAOs. Em segunda
instancia, identificam-se fatores estratégicos sobre a aplicacdo da tecnologia blockchain em
sistemas para logistica reversa de REs. Em terceiro momento, avalia-se a viabilidade técnica da
implementagdo de uma DAO destinada ao controle da geracdo de REs e a reinser¢do de
matérias-primas na cadeia produtiva pela reciclagem. O modelo organizacional de DAOs pode
oferecer beneficios a descentraliza¢ao de informagdes e a participagao ativa de stakeholders na
gestdo de Res. A avaliagdo demonstra como € promissora a aplicacdo de DAOs nas solugdes
técnicas para a reciclagem de REs. Porém, também se indica que a implementagdo bem-
sucedida de uma DAO nesse contexto ainda possui desafios, como questdes legais, limitacdes

técnicas de ferramentas de blockchain disponiveis e custos elevados de processamento de

dados.

Palavras-chave: Blockchain. Contrato Inteligente. Economia Circular. Gestdo de Residuos

Sélidos. Lixo Eletronico.



ABSTRACT

The growing volume of electronic waste (EW) is a global challenge that requires innovative
and sustainable solutions. However, policies and techniques for EW management are
intrinsically complex, with inefficiencies in the disposal and recovery of valuable raw materials.
In this context, this dissertation evaluates the applicability of the Decentralized Autonomous
Organizations (DAOs) model in the development of innovative technical solutions for EW
recycling. This evaluation is composed of three dimensions: organizational governance,
empirical and regulatory problems, and technical feasibility, and each of these dimensions is
explored by one of the three research articles that make up this work. First, a conceptual
framework on the community governance structure in DAOs is developed. Second, strategic
factors in the application of blockchain technology in EW reverse logistics systems are
identified. Third, the technical feasibility of implementing a DAO aimed at controlling EW
generation and reinserting raw materials into the production chain through recycling is assessed.
The DAO organizational model can offer benefits to the decentralization of information and the
active participation of stakeholders in the management of EW. The evaluation demonstrates
how promising the application of DAOs is in technical solutions for EW recycling. However,
it also indicates that the successful implementation of a DAO in this context still has challenges,
such as legal issues, technical limitations of available blockchain tools, and high data processing

costs.

Keywords: Blockchain. Smart Contract. Circular Economy. Solid Waste Management.

Electronic Waste.
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UTILIDADE

No contexto da reciclagem de residuos eletroeletronicos, o modelo de Organizagdes

Autonomas Descentralizadas, sustentado pela tecnologia blockchain e contratos inteligentes,

pode viabilizar solugdes técnicas para facilitar, incentivar e monitorar o descarte, a reciclagem

e a reinser¢ao de matérias-primas provenientes desses residuos no ciclo produtivo.

Tais solu¢des também podem oferecer meios de colabora¢do entre produtores e

consumidores na gestao do ciclo de vida de produtos eletroeletronicos, o que promoveria um

mercado mais sustentavel sobre a perspectiva de um modelo econdmico circular.

Tomando como referéncia os Objetivos de Desenvolvimento Sustentavel da

Organizacdao das Nacdes Unidas, essa dissertacdo traz contribui¢des relacionadas aos quatro

objetivos seguintes:

Objetivo 8: Trabalho Digno e Crescimento Econdmico, por explorar solucdes
técnicas que, em futuras implementagdes, podem possibilitar a criacdo de vinculos
empregaticios mais dignos para coletores de residuos e a forca de trabalho no setor de
reciclagem;

Objetivo 9: Industria, Inovacio e Infraestrutura, por desenvolver o potencial da
tecnologia blockchain, o que promove a inovacao na gestdo de residuos e possibilita
uma rede de coleta e reciclagem mais eficaz;

Objetivo 11: Cidades e Comunidades Sustentaveis, por explorar solugdes técnicas
capazes de oferecer mecanismos de incentivo a habitos responsaveis de reciclagem, o
que reduz o extrativismo e a dependéncia aos aterros e lixdes;

Objetivo 12: Consumo e Producdo Responsaveis, por possibilitar, em futuras
implementagdes, mecanismos de controle da geracdo de residuos provenientes do

consumo e direciona-los a um fluxo circular para reinser¢ao de matérias-primas.
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CAPITULO I
1 INTRODUCAO
1.1  Contexto e problematizaciao

O desenvolvimento tecnologico acelerado e o consumo continuo de dispositivos
eletroeletronicos acarretam a geracdo crescente de residuos eletroeletronicos (REs). Conforme
apontado por Dasaklis et al. (2020), a gestdo desses residuos implica desafios além do contexto
da sustentabilidade, visando também a reduzir impactos socioecondmicos negativos.

O modelo de economia linear prevalecente no mercado de tecnologia atual caracteriza-
se pelo extrativismo de matérias-primas finitas e por impactos ambientais negativos. Conforme
exposto em um relatorio do World Economic Forum (2019) e ilustrado na Figura 1, estima-se

que o volume de REs gerado anualmente seja de 120 milhdes de toneladas em 2050.

Figura 1 — Estimativa da geragdo de residuos eletroeletronicos anualmente entre os anos de 2018 e 2060.

2050

120 million

2018

50 million
tonnes

2060

25-50 billion PCs, laptops, monitors, Overall consumption
connected devices smartphones and of materials across all
tablets will reach 14% sectors set to double

of total emissions.

Fonte: Relatorio do World Economic Forum (2019).

Como exemplificado por Minter (2016), a fabricagdo de uma tonelada de computadores
portateis resulta na emissdo aproximada de 10 toneladas de dioxido de carbono. Belkhir e

Elmeligi (2018) também apontam que as emissdes de gases de efeito estufa, provenientes da
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fabricacdo e do consumo de produtos eletroeletronicos pessoais, atingirdo 14% das emissdes
até 2040.

Segundo dados levantados por Baldé et al. (2017), a taxa global média de reciclagem
de REs ¢ de apenas 20% e, segundo Mihai e Gnoni (2016), apesar de o comércio internacional
de REs ser regulamentado pela Convengdo de Basileia, esses residuos sdo comumente
exportadas para paises subdesenvolvidos para serem desmontados ou queimados como meios
de eliminagao.

Apesar do crescente reconhecimento da importancia da gestdo dos residuos solidos
urbanos, ainda persistem muitos desafios, especialmente em paises subdesenvolvidos. Uma
parte continua a ser depositada em aterros sanitarios a céu aberto (URBAN; NAKADA, 2021).

Como apontado por Korhonen et al. (2018), varios paises possuem ou visam a
desenvolver politicas de gestdo de REs, criando estratégias que envolvem a reducdo da
produgdo de residuos, de coleta, de reciclagem e incentivos por um modelo econdmico circular.
Todavia, conforme Sahoo e Halder (2020), é esperado que politicas governamentais nao sejam
plenamente eficazes devido a complexidade intrinseca nessa gestdo.

Tendo em mente essa problematizacdo e na perspectiva de solugdes tecnoldgicas
emergentes na Industria 4.0, o modelo empresarial de Organizagdes Autdonomas
Descentralizadas (DAOs), derivado da tecnologia de blockchain e contratos inteligentes, pode
ser a base de solugdes de automatizagao, de descentralizagdo dos processos € de mecanismos
para incentivo socioecondmico na gestdo de REs.

A tecnologia blockchain pode ser descrita como um livro-razdo distribuido que
possibilita a criagdo de sistemas para registro de transagdes imutdveis de maneira sequencial
(DWIVEDI et al., 2021; ELLINGER et al., 2023; MOUGAY AR, 2017). O termo “blockchain”
deriva da estrutura de dados utilizada no armazenamento persistente (PACHECO, 2019).

Os contratos inteligentes, conforme definido por Liu et al. (2020), é um programa
computacional publicado em uma rede blockchain e capaz de realizar tarefas automatizaveis e
armazenar dados de forma segura e distribuida.

A tecnologia blockchain e os contratos inteligentes permitiram o surgimento de um novo
modelo organizacional. Sendo parte da chamada Revolugdo Cripto-Tecnoldgica, o modelo
organizacional de DAOs representa uma ruptura paradigmatica nas formas tradicionais de
organizagdes humanas centralizadas e hierarquizados (KUTSYK; REDCHENKO;
VORONKO, 2020).

Conforme Wang et al. (2019a), o modelo de DAO pode ser descrito como uma

organizagao digital, cujos processos sao realizados e geridos sob uma rede blockchain por meio
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de automacgdes via programas computacionais, utilizando protocolos de consenso distribuido e
uma economia baseada em tokens digitais.

O modelo de DAO oferece uma alternativa a estrutura organizacional centralizada e
hierarquizada, o que sugere uma estrutura de autonomia comunitaria, na qual decisdes e
operagdes sdo tomadas por meios democraticos entre os stakeholders da organizagdo
(HASSAN; DE FILIPPI, 2021; WANG et al., 2022).

As capacidades da tecnologia blockchain, como descentralizagdo, imutabilidade e
transparéncia, a tornam promissora como base de solugdes para gerenciamento de REs, fato
que possibilita funcionalidades de rastreabilidade de residuos e matérias-primas, mecanismos
de incentivos socioecondmicos para reciclagem e redes de coleta descentralizadas (ALAROOD
et al., 2023; IEEE, 2021).

O modelo de DAOs permite a tomada de decisdes coletivas sem a necessidade de uma
autoridade centralizada, assentindo que organizacdes dessa natureza possam facultar
governanga voltada para a comunidade, iniciativas de economia circular e operagdes mais
transparentes na gestdio de REs (AUGUSTIN; ECKHARDT; DE JONG, 2023;
SHYAMALATHA; MUTHULAKSHMI; RITHICK, 2020).

Na literatura académica, encontram-se propostas de solugdes para gestdo REs
habilitadas pela tecnologia blockchain e modelos de DAO implementados por meio de contratos
inteligentes. O fato oferece fun¢des de rastreamento, de coleta, de monitoramento e logistica.
Alguns estudos também integram ferramentas adicionais, como dispositivos, sensores €
aplicativos moveis.

Gupta e Bedi (2018) propdem o uso de contratos inteligentes para coordenagdo entre
produtores, importadores, varejistas e recicladores de produtos eletroeletronicos. Sahoo e
Halder (2020) implementam uma solugao de logistica reversa de REs em linguagem Solidity na
plataforma Ethereum.

Farizi e Sari (2021) desenvolvem um aplicativo Android para localizagdo de pontos de
coleta de Res, empregando a Hyperledger Fabric como instancia de uma rede blockchain. Khan
e Ahmad (2022) e Ping et al. (2024) propdem solugdes técnicas habilitadas por blockchain e
Internet das Coisas para rastreamento de REs em tempo real.

Ambre e Trivedi (2024) utilizam contratos inteligentes para customizar operacoes de
coleta de REs, enquanto Arumugam et al. (2024) discorrem sobre a integridade de registros
sobre transagoes de descarte e coleta.

A maioria das publicagdes apresenta sistemas conceituais, sem uma implementacao real

pratica, com exce¢ao dos trabalhos de Sahoo e Halder (2020) e Farizi e Sari (2021). Os autores
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também discorrem sobre alguns desafios encontrados, como a codificagdo de contratos
inteligentes, a garantia de conformidade dos dados, o equilibrio de interesses entre os
stakeholders e a escalabilidade de seus projetos.

Tendo em mente as capacidades oferecidas pela tecnologia blockchain, o modelo de
DAOs e as poucas implementagdes praticas dessas tecnologias no contexto da gestdo de REs,
a questdo de pesquisa que orienta essa dissertagdo ¢: “Como DAOs podem contribuir para a

gestao de REs, com foco em sua reciclagem, promovendo a circularidade das matérias-primas?”
1.2 Objetivos da pesquisa
1.2.1 Objetivo geral

Essa dissertagdo visa a avaliar a aplicabilidade do modelo de DAO no desenvolvimento
de solucdes técnicas inovadoras na reciclagem de REs. Essa avaliagdo se estrutura em torno de
trés dimensdes: governanga organizacional, problemas empiricos e legislagdo e viabilidade
técnica. Cada uma dessas dimensodes ¢ explorada por um dos trés artigos que compdem esse

trabalho.
1.2.2 Objetivos especificos

A partir do objetivo geral deste trabalho e das dimensdes da avaliagdo, desdobram-se
trés objetivos especificos, os quais atendem as trés dimensdes da avaliagdo. Sao eles:

1. Sobre a dimensao de governanga organizacional, desenvolver um framework conceitual
sobre a estrutura de governanga comunitaria em DAOs;

2. Sobre a dimensdo de problemas empiricos e legisla¢do, identificar fatores estratégicos
sobre a aplicacdo de blockchain em sistemas para logistica reversa de REs;

3. Sobre a dimensao de viabilidade técnica, avaliar a viabilidade técnica da implementacao
de uma DAO destinada ao controle da geracao de REs e a reinsercao de matérias-primas

na cadeia produtiva pela reciclagem.
1.3 Delimitacoes

Essa dissertacdo delimita-se a tecnologia blockchain e ao modelo organizacional de

DAO no contexto da gestdo de REs. Ela aborda especificamente os seguintes topicos:
e Fundamentos técnicos de blockchain, especificamente sob o protocolo Ethereum e suas
funcionalidades de armazenamento e processamento distribuido, mecanismos de

consenso e capacidades funcionais de contrato inteligente codificados em Solidity;
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¢ O modelo de DAO enquanto uma estrutura organizacional sustentada pela tecnologia
blockchain, regida por contratos inteligentes, cujo contexto ¢ de atuagdo na reciclagem
de REs;

e Em processos e sistemas de informacdo na gestdo de REs relacionadas ao descarte,

coleta e reciclagem desses residuos.
1.4  Justificativa

DAOs proporcionam uma abordagem inovadora para iniciativas de gestdo de REs,
introduzindo transparéncia, rastreabilidade, incentivo aos agentes envolvidos e oferecendo
possiveis solugdes aos problemas de descarte inadequado e as baixas taxas de reciclagem de
REs.

A tecnologia blockchain permite rastrear produtos e garantir um descarte
ambientalmente correto, enquanto contratos inteligentes podem automatizar mecanismos de
incentivo para reciclagem e facilitar a participagdo ampla de pessoas e organizagoes,
promovendo um modelo econdmico circular onde individuos se tornam participantes ativos.

DAOs podem viabilizar uma economia circular para produtos eletronicos, criando
confianga entre diversos agentes e promovendo o crescimento econdmico sustentdvel por meio
da recuperagdo de matérias-primas valiosos via reciclagem.

Além disso, a aplicagao de DAOs ndo apenas pode oferecer solugdes na gestao de REs
como também ter aplicagdes mais amplas num modelo econdomico circular, incentivando um

maior envolvimento da sociedade e um paradigma economico mais sustentavel.
1.5 Composicao dessa dissertacio

A Figura 2 representa a relagdo entre o objetivo geral, os objetivos especificos e os
artigos nesse trabalho.

Essa dissertacdo esta organizada em cinco capitulos. O primeiro capitulo apresenta
informacdes introdutorias; o segundo apresenta o referencial teodrico dos conceitos abordados:
o terceiro descreve resumidamente os métodos aplicados; o quarto apresenta resumidamente os
resultados de cada; o quinto capitulo expde as conclusdes e as sugestdes para estudos futuros

sobre o tema.
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Figura 2 — Representacao visual da relacdo entre o objetivo geral dessa dissertacdo e seus objetivos especificos
desenvolvidos nos artigos que compdem este trabalho.

Objetivo geral

Avaliar a aplicabilidade do modelo de DAO no desenvolvimento de

solugdes técnicas inovadoras na reciclagem de REs.
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caso de negocio experimental.

Fonte: Elaborado pelo autor (2025).
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CAPITULO II
2 REFERENCIAL TEORICO
2.1 Economia circular

Conforme Kutschke et al. (2016), o conceito de Economia Circular (EC) esta associado
a vérias escolas de pensamento. E ainda uma das principais teorias fundantes do conceito de
Ecologia Industrial com foco no estudo de fluxos energéticos e de matérias-primas através de
sistemas industriais.

Kirchherr et al. (2017) descreve que o conceito de EC propde um sistema de producao
€ consumo em que os materiais € os componentes sao mantidos no seu valor mais elevado o
quanto possivel, e os residuos sdo eficientemente recuperados.

Conforme Geissdoerfer ef al. (2020) e ilustrado na Figura 3, a EC enfatiza a longevidade
de produtos e a otimizag@o dos recursos, promovendo uma abordagem ciclica em que produtos
e materiais, além de serem projetados para uso prolongado, sdo concebidos com a intengao de

reuso, recondicionamento e reciclagem.

Figura 3 — Representac@o dos arcos da economia circular no fluxo linear de produgéo e consumo.

Reciclagem
Remanufatura e Recondigéo
Reuso

A 4 A 4

Energia e S e Residuos
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Fonte: adaptado de Geissdoerfer et al. (2020).

Segundo Ellen Macarthur Foundation (2019), a transicdo para um modelo de EC
envolve uma mudanga estratégica de redugdo da dependéncia de matérias-primas virgens. Ela
incorpora uma propor¢do maior de insumos recuperados na cadeia produtiva. Essa
transformagao oferece vantagens distintas para empresas, mitigando riscos associados a eventos
naturais, a flutuacdo dos precos ou a instabilidades geopoliticas.

Sob o contexto da Industria 4.0 e sob a perspectiva de novas tecnologias emergentes,
Kristoffersen et al. (2020) descrevem que a EC recebeu uma nova vertente denominada
Economia Circular Digital ou Economia Circular Inteligente. Seu foco esta em solugdes digitais
e no controle e na andlise facilitados por tecnologias, como aprendizado de méquina, big data,

blockchain, internet das coisas, dentre outras tecnologias.



22

2.2 Gestao de residuos eletroeletronicos

Residuos eletroeletronicos (REs) consistem em uma ampla variedade de dispositivos de
uso industrial ou pessoal descartados por ndo estarem aptos para uso. A reciclagem de REs ¢
vista como um dos topicos da Gestao dos Residuos Solidos (GRS), a qual engloba a coleta, o
tratamento e a eliminac¢do de residuos s6lidos, buscando formas eficazes e sustentaveis.

Como discorrido por Abubakar et al. (2022), a GRS é uma preocupacdo central no
planejamento urbano contemporaneo ¢ na governagdo ambiental. Os principais objetivos da
GRS ¢ minimizar a produgdo de residuos, promover a conservagao dos recursos € atenuar
impactos socioambientais negativos.

Todavia, como discorrido por Urban e Nakada (2021), apesar do crescente
reconhecimento da importancia da GRS, principalmente em centros urbanos, ainda persistem
varios desafios. Em paises ndo desenvolvidos, uma parte significativa dos residuos solidos
urbanos continua a ser depositada em aterros sanitarios a céu aberto.

Para enfrentar estes desafios, ¢ necessaria uma abordagem multifacetada que envolva
uma combinacdo de medidas politicas, tecnologicas e interesse publico. Como descrito por
Baralla et al. (2023), a GRS constitui um sistema intrincado de processos nos quais diversos
atores sociais e institucionais inter-relacionam-se numa dindmica de interesses comuns.

Como parte da GRS, hd uma especificidade para REs, a Gestdo de Residuos
Eletroeletronicos (GRE). Segundo um relatorio da International Telecommunication Union
(2017), 67 paises possuem alguma legislacdo destinada & GRE. Tal legislagdo, além de trazer
beneficios ambientais, também indiretamente beneficia sistemas de reciclagem de REs
eficientes que oferecam beneficios financeiros e logisticos.

Todavia, conforme Wu (2023) destaca, o processo de reciclagem de REs ¢ mais
complexo em comparagdo a residuos solidos homogéneos. Essa complexidade envolvida na
reciclagem implica um maior uso de mao de obra humana, principalmente nas etapas de

separacao e de desmontagem ilustradas na Figura 4.

Figura 4 — Fluxo da reciclagem de residuos eletroeletronicos em um fluxo econdmico linear.
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Fonte: Elaborado pelo autor (2025).
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2.4  Tecnologia blockchain

A tecnologia blockchain origina-se da proposta de Nakamoto (2008) da criagcdo da
criptomoeda Bitcoin, concebida como uma maneira inovadora de criar um sistema de
pagamento descentralizado e sem intermediagdo de instituigdes financeiras.

Essa tecnologia pode ser descrita como um livro-razao distribuido, que possibilita a
criacdo de sistemas para registro de transa¢des imutaveis de maneira sequencial (DWIVEDI et
al., 2021; ELLINGER et al., 2023; MOUGAYAR, 2017). O termo “blockchain” deriva da
estrutura de dados utilizada no armazenamento persistente (PACHECO, 2019).

Como descrito por Faqgir-Rhazoui et al. (2021) e ilustrado na Figura 5, uma rede
blockchain pode ser concebida como um banco de dados distribuido e compartilhado por
unidades computacionais interconectas, operando de forma autonoma, sem a necessidade de
um administrador central, e adotando um algoritmo de consenso para garantir a integridade dos

dados.

Figura 5 — Representacdo de uma rede blockchain na qual computadores realizam o processo de validagdo das
trasacdes compartilhadas e armazenam o historico de transacdes em lotes sequenciais denominados blocos.
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Fonte: Elaborado pelo autor (2025).

Redes blockchain podem ser publicas, como as redes Bitcoin e Ethereum, ou privadas,
utilizadas internamente em organizacdes (ROUHANI; POURHEIDARI; DETERS, 2018).
Essas redes oferecem mecanismo confiavel para gestdo descentralizada, troca de informagdes,
tokenizacdo de ativos e automacao de processos (FILIPPI, 2017; KUTSYK; REDCHENKO;
VORONKO, 2020).

As transagOes realizadas dentro de uma rede blockchain sio compartilhadas pelas
unidades computacionais interconectadas e sdo agrupadas em um lote que recebe o nome de
“bloco.” Para gerar um bloco, uma ou mais unidades computacionais realizam o processo
denominado “validacdo.” Como comentado por Bonilla (2023, p. 86), esse processo, além de

garantir a seguranca da rede, incentiva a participagdao no processamento de dados.
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Conforme Andoni et al. (2019), redes blockchain viabilizam a criagdao de sistemas de
informacao distribuidos, mais confidveis e resilientes a ataques ou a perdas. Starkie (2017) e
Blemus (2018) exemplificam a aplicagdo de blockchain em 6rgaos publicos dos Estados Unidos
e na ONU, com projetos que visam a otimizar processos € a promover maior transparéncia de

informacgdes.
2.5  Contratos inteligentes

A concepgao inicial de contratos inteligentes (SCs) foi feita por Szabo (1994), como
uma solucdo para automatizar processos condicionados a eventos predeterminados. Conforme
definido por Liu ef al. (2020) e ilustrado na Figura 6, um SC ¢ um programa computacional
publicado em uma rede blockchain para automacao de tarefas e armazenamento de dados de

forma distribuida.

Figura 6 — Composicdo de contratos inteligentes ¢ a representag@o de interagdes entre participantes da rede e
outros contratos.
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Fonte: Elaborado pelo autor (2025).

Descrito por Kutsyk et al. (2020) e Faqir-Rhazoui et al. (2021), os SCs sdo componentes
fundamentais em redes blockchain modernas e servem como base para a computagdo
descentralizada. S3o ainda uma solugdo técnica eficaz para formalizar processos entre
stakeholders.

Como apresentado em Augustin ef al. (2023), ao possibilitar a automagao de processos
e a gestdo de ativos digitais de forma descentralizada e transparente, os SCs oferecem um
mecanismo confiavel para a execucao de acordos, alinhados com o conceito de “constitui¢ao
por codigo.”

A implementacdo de SCs depende das especificacdes do protocolo da rede blockchain
em que serdo publicados. No caso do protocolo Ethereum, a linguagem de programagao Solidity
¢ a mais utilizada e a comunicacdo entre usudrios e contratos ¢ realizada por meio de uma

interface de fungdes definidas (ANAND; CHAUHAN, 2020).
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Cada SC, publicando numa rede blockchain, ¢ identificado por um enderego
hexadecimal inico e possui uma estrutura interna imutavel, composta por dados persistentes,
por fungdes para manipulagdo de dados, por eventos a serem emitidos a rede e a modificadores

para controle de acesso (BONILLA, 2023, p. 93).
2.6  Organizac¢oes autonomas descentralizadas

Segundo Augustin et al. (2023), o modelo de Organizagdes Autonomas
Descentralizadas (DAOs) comegou a ser desenvolvido na década de 1990 no contexto da
pesquisa sobre sistemas multiagentes.

Daniel Larimer cunhou o termo Corporagdo Autonoma Descentralizada (DACs),
propondo uma estrutura organizacional regida por regras de negocio codificadas e gerenciadas
de forma automatizada.

Inicialmente, o modelo de DAOs referia-se a DACs sem fins lucrativos. Porém,
atualmente, o acronimo DAC caiu em desuso e DAO tornou-se acrénimo padrdo para referir-
se a organizacdes que adotam esse modelo (ANAND; CHAUHAN, 2020).

Uma DAO ¢ uma organizagao cuja governanga e operacao sdo implementadas em regras
e processos codificados em SCs publicados numa rede blockchain. Essa caracteristica confere
as DAOs a capacidade de operar de forma distribuida e sem a necessidade de entidades
centralizadoras na gestdo de suas operagoes (ANAND; CHAUHAN, 2020; BELLAVITIS;
FISCH; MOMTAZ, 2023; LIN et al., 2023; WANG et al., 2019b).

Conforme descrito por Augustin et al. (2023), a governanga, a tomada de decisdes e a
manutengdo de DAOs sdo realizadas pela comunidade que as mantém e por meio de
mecanismos participativos, como foruns e votagdes. A tecnologia blockchain garante a
transparéncia, o consenso € a coordenagcdo das agdes e a confiabilidade das decisdes dos
stakeholders.

As DAOs apresentam um potencial significativo para mitigar riscos associados a
monopodlios e oferecem maior transparéncia e confianga em operagdes automatizadas
(BONILLA, 2023, p. 96). No ambito financeiro, DAOs também podem contribuir para a
redugdo de custos e oferecer maior controle e acesso a investidores (ANAND; CHAUHAN,
2020; BELLAVITIS; FISCH; MOMTAZ, 2023).

O modelo de governanca de DAOs pode ser analisado sob diferentes perspectivas
teoricas. Conforme resumido por Santana e Albareda (2022) e Alawadi ef al. (2024), algumas
das teorias sdo a Teoria da Agéncia, a Teoria da Sociomaterialidade e a Teoria da

Administracgao.
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Sob a otica da Teoria da Agéncia (Agency Theory), descrita por Jensen e Meckling
(1976), uma DAO pode ser vista como um conjunto de contratos entre stakeholders com
objetivos e preferéncias distintos que devem cooperar para maximizar o lucro da organizagao.

Sob a otica da Teoria da Sociomaterialidade (Sociomateriality Theory), descrita por
Huber (1990), uma DAO ¢ um exemplo de organizagdo com dependéncia plena entre pessoas
e tecnologia. Essa teoria oferece base para compreender como a tecnologia, o trabalho e as
pessoas estdo social e materialmente interligados.

Sob a otica da Teoria da Administragdo (Stewardship Theory), descrita por Davis et al.
(1997), uma DAO deve buscar condigdes que criem interesses equilibrados entre stakeholders,
os quais devem agir no melhor interesse da organizacdo, colaborando para seu crescimento
conjunto.

No contexto da estrutura desse modelo organizacional, a literatura académica apresenta
uma diversidade de arquiteturas. Os trabalhos de Scholz e Stein (2018), Wang et al. (2019b),
Wang et al. (2019¢) e Chawla (2020) sdo exemplos relevantes nesse sentido. A Figura 7
sintetiza e detalha os componentes comuns a essas propostas, oferecendo uma visao abrangente

da arquitetura tipica de uma DAO.

Figura 7 — Modelo conceitual da arquitetura de uma DAO.
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CAPITULO III
3 METODOS DE PESQUISA
3.1 Métodos aplicados no Artigo I

Disponivel na integra no APENDICE A, o artigo emprega uma abordagem
metodologica composta por dois métodos complementares: uma revisdo sistemadtica da
literatura e uma analise documental de praticas de governanga em DAOs em atividade. Os
métodos sao guiados a partir de questdes de pesquisa relevantes para o objetivo do artigo: a
elaboragao de um framework conceitual sobre a governanca em DAOs.

A busca por publicacdes académicas foi realizada nas bases Scopus e Web of Science,
considerando critérios, como tipo de publicacdo, idioma, ano de publicagdo e presenca de
palavras-chave relacionadas a DAOs/DACs e comunidade/governanga. O processo de revisao
também inclui uma técnica de snowballing para capturar referéncias relevantes encontradas nas
publicagdes selecionadas.

A analise documental das praticas de governanga foca em cinco DAOs: Arbitrum,
GnosisDAO, MantleDAO, Optimism e Uniswap. Essas DAOs foram selecionadas com base em
suas reservas substanciais de capital; sdo as DAOs com maior capital acumulado no ano de
2024 segundo o relatorio da DeepDAO (2024). A coleta de informagdes documentais envolve
o exame de fontes publicamente disponiveis no proprio relatério da DeepDAO e nos sites
oficiais das organizagoes.

Resumidamente, esses dois métodos complementares permitem uma visao mais integral
entre a compreensao teodrica e as implementacdes pratica de governanca em DAOs. A revisdo
sistematica da literatura fornece a base teorica necessaria e identifica conceitos-chave, enquanto
a analise documental oferece evidéncias de como DAOs existentes implementam modelos de

governanga descentralizada.
3.2 Métodos aplicados no Artigo 11

Disponivel na integra no APENDICE B, o artigo emprega dois métodos para analisar
os fatores estratégicos da aplicagdo da tecnologia blockchain na gestao de REs no Brasil.

O primeiro método ¢ uma andlise estruturada que considera trés dominios interligados:
os requisitos do Decreto n® 10.240 sobre logistica reversa de REs, os fatores limitantes
prevalentes no cenario brasileiro de gestdo de REs e as capacidades técnicas de blockchain.

Essa andlise visa a identificar potenciais sobreposi¢des e sinergias em que as capacidades da
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tecnologia podem viabilizar solu¢des as limitagdes existentes e facilitar o cumprimento do
quadro legal.

O segundo método ¢ uma analise SWOT de aplicacdo da tecnologia blockchain na
gestao de REs. A logica de classificagao para cada dimensao foram os pontos fortes, como
capacidades de geracao de valor da tecnologia blockchain; as fraquezas, como limitagdes atuais
das ferramentas e técnicas da tecnologia; as oportunidades, como potencial de cocriacdo de
valor pela possibilidade de solucdes na gestdo de REs, usando da tecnologia e das ameacas,
como riscos da adog¢do da tecnologia no contexto dessa gestao.

A analise SWOT fornece uma maneira estruturada de avaliar estrategicamente os pontos
fortes e fracos internos da tecnologia blockchain, juntamente com as oportunidades e ameacas
externas, para a gestdo de REs no Brasil, permitindo uma compreensao simples e organizada
dos fatores que influenciam a ado¢do da tecnologia nesse contexto.

Resumidamente, os dois métodos oferecem uma abordagem estruturada para conectar
os desafios empiricos € o cenario regulatorio da gestdo de REs no Brasil com o potencial de
blockchain; fornecem um mapeamento para solucdes, requisitos e avaliagdo estratégica dos

fatores internos e externos que influenciam a adog¢ao da tecnologia neste dominio.
3.3  Métodos aplicados no Artigo 111

Disponivel na integra no APENCIDE C, o artigo emprega o desenvolvimento de uma
prova de conceito € um caso de negocio experimental para avaliar a viabilidade de uma DAO
no controle da geragdo de REs e a reinser¢do de matérias-primas na cadeia produtiva pela
reciclagem.

Por meio da prova de conceito, € avaliado como uma DAO implementada sob uma rede
Ethereum pode suportar requisitos funcionais em modelos de negocios circulares, como
rastreabilidade, automacgdo de processos, definicdo de funcdes, regras negociais. Apontam-se
também limitagdes técnicas encontradas.

A prova de conceito implementa uma DAO; hospeda-a em uma rede blockchain
Ethereum privada e codifica-a em seis contratos inteligentes, cinco que codificam a logica de
negocios estabelecida e um que automatiza o caso de negocio experimental da DAO.

O caso experimental de negocios fornece um cendrio hipotético com stakeholders
ficticios pré-estabelecidos, com fluxo de processo e com regras de negocios para rastreio,
descarte, reciclagem de REs e recuperagdo de matérias-primas para reinsercao na cadeia

produtiva.
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CAPITULO IV
4 RESULTADOS E DISCUSSOES
4.1 Resultados e discussoes do Artigo I

Disponivel na integra no APENDICE A, o artigo desenvolve um framework conceitual
para a governanca da DAO composta em cinco dimensdes: descentralizacdo sustentavel,
responsabilidade na decisdo, risco de centralizacdo, limitagdo de votacdo e engajamento da
comunidade. Cada dimensao ¢ elaborada com conceitos, métricas e estratégias de
implementagao e controle.

Em relagdo a dimensdo de descentralizacdo sustentavel, identificam-se sete perspectivas
teoricas com que o modelo de governanga em DAOs pode ser analisado. Essa variedade de
escopos ocorre pela complexidade intrinseca em uma organizacdo com governanca
descentralizada na qual, apesar do ideal democratico das DAOs, stakeholders podem operar
contra ou a favor de interesses comuns de maneira nao deterministica.

Em relag@o a dimensao de responsabilidade na decisdo, destacam-se quatro atores-chave
na governanga de DAOs. Sado eles fundadores, investidores, desenvolvedores e
mineradores/validadores. Conforme estudos revisados, existem uma forte influéncia por parte
de fundadores e desenvolvedores devido ao fato de que esse papel oferece capacidades diretas
em encaminhar a organizagao.

Em relagdo a dimensao de riscos de centralizacao, apesar da ideia de descentralidade no
conceito de DAOs, essas organizagdes geralmente exibem elementos de centraliza¢do de
decisdes em sua estrutura, com influéncia consideravel detida por grandes detentores de tokens
e stakeholders envolvidos nos estagios iniciais do desenvolvimento da organizacao, o que pode
gerar desequilibrios de poder e conflitos de interesses.

Em relagdo a dimensdo de limitagdo de votacdo, identificam-se fatores, como poder
desproporcional de stakeholders detidos de grandes quantias de tokems, potencial de
manipulagdo de votos, desafios relacionados ao anonimato, a participacao desinformada e a
ineficiéncias na tomada de decisdes operacionais. Alguns estudos revisados propdem solucdes
técnicas para incentivar a participag@o no longo prazo e a pratica da delegagao de votos.

Em relacdo a dimensdo de engajamento da comunidade, discutem-se os desafios de
garantir o envolvimento ativo da comunidade devido ao desinteresse, ao potencial anonimato e
aos stakeholders mal-intencionados. Fontes revisadas indicam algumas estratégias para

aumentar o engajamento, dentre elas: mecanismos robustos de incentivo, contratos de aquisi¢cao
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vinculados ao valor do token, votagdo gamificada, propostas simplificadas, maior comunicac¢ao

e consideragdo da experiéncia organizacional.
4.2  Resultados e discussoes do Artigo 11

Disponivel na integra no APENDICE B, o artigo aponta que a tecnologia blockchain
possui um potencial significativo para aprimorar sistemas de gestdo de REs no contexto
brasileiro, destacando capacidades relevantes de blockchain, como maior transparéncia, maior
seguranca, maior rastreabilidade e maior reducao de custos por automacao.

A primeira analise, relativa aos fatores limitantes, a legislacdo (Decreto n° 10.240) e a
tecnologia blockchain, demonstra que blockchain pode ser usada para implementar ou
automatizar determinados requisitos legais, para facilitar uma melhor quantificagdo das
matérias-primas recuperadas e para permitir uma maior disponibilidade de dados confiaveis
sobre coleta e sobre reciclagem de REs no Brasil.

Além disso, sistemas baseados em blockchain podem ser a base para programas de
incentivo que utilizem tokens e a¢des de controle, além de fomentar uma padronizagdo ¢ uma
maior transparéncia de processos, promovendo a colaboragado e incentivando o cumprimento da
legislacao.

A segunda analise, no modelo SWOT, descreve os pontos fortes da tecnologia
blockchain na habilitacdo de redes de agentes e interacdes comerciais, promovendo o consenso
sem entidades centralizadas, a inovagao e a eficiéncia, além das oportunidades na cocriagdo de
valor entre entidades envolvidas na cadeia produtiva de eletronicos.

A relevancia desses resultados decorre do fato de que o Brasil enfrenta desafios
significativos na gestao de REs. A falta de dados confidveis, o controle governamental ineficaz,
a presenca de um grande mercado informal e a escassez de programas de gestdo de REs sdo

desafios para os quais a tecnologia blockchain pode ser a base de solugdes concretas.
4.3  Resultados e discussoes do Artigo I1I

Disponivel na integra no APENCIDE C, o artigo fornece uma avaliagio da viabilidade
do modelo organizacional de DAO no controle da geragdo de REs e ainda a reinser¢do de
matérias-primas na cadeia produtiva pela reciclagem.

Os resultados da prova de conceito, junto ao caso experimental de negocios,

demonstram a viabilidade tecnoldgica do uso de contratos inteligentes para codificar regras de
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negocios, para gerenciar identidades, para rastrear dados de produtos e materiais e implementar
mecanismos de crédito em um cenario simulado de reciclagem de REs.

No entanto, também se identificou um desafio significativo associado aos custos de
transagdo no caso de hospedagem da DAO na rede Ethereum publica, o que pode tornar
economicamente inviaveis iniciativas de reciclagem em pequena escala.

Além disso, a imutabilidade de contratos inteligentes, estabelecida pela arquitetura de
uma rede Ethereum, demonstra-se como uma limitag¢ao técnica passivel de impactos negativos
e limitadores em atualizagdes de logicas de negdcio e corregdes de erros.

Essas limitagdes apontam que a tecnologia blockchain, embora com seu potencial
tedrico, ainda nao possui implementagdes técnicas plenamente viaveis. Outras opgdes de redes
blockchain, como Hyperledger Fabric ou Solana, também possuem limitagdes técnicas e
complexidades de utilizacao, o que dificulta o desenvolvimento de solugdes acessiveis.

Contudo, os resultados oferecem uma avaliagdo promissora sobre a aplicagdo de DAOs
no contexto da reciclagem de lixo eletronico; demonstram potenciais em atender requisitos
funcionais da economia circular; porém, também se ressaltam limitagdes econdmicas e técnicas

que apontam para futuras pesquisas.
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CAPITULO V
5 CONCLUSOES
5.1 Reflexoes e integracoes dos resultados

Retomando a SECAO 1.2, o objetivo central da dissertagdo ¢ avaliar a aplicabilidade do
modelo de DAO no desenvolvimento de solugdes técnicas inovadoras na reciclagem de REs. A
avalia¢do foi dividida em trés dimensdes, cada uma explorada por um dos trés artigos que
compdem essa dissertagdo. Essa se¢do apresenta uma visao integrada dos resultados das trés
dimensoes dessa avaliacao.

O Artigo I (APENDICE A) relaciona-se a dimensdo de Governanga Organizacional,
desenvolvendo um framework conceitual para a governanga de DAOs e contribuindo para o
conhecimento sobre governan¢a comunitdria e descentralizada e fornecendo uma ferramenta
conceitual de apoio a compreensdo da dindmica organizacional, o que ¢ crucial para a
implementa¢do de uma DAO.

O Artigo II (APENDICE B) relaciona-se a dimensdo de Problemas Empiricos e
Regulatdrios, abordando essas limitagdes na gestdo de REs e explorando a aplicacdo estratégica
da tecnologia blockchain nesse contexto, em paralelo a uma analise SWOT que destacou pontos
fortes da tecnologia em permitir redes, interagdes e eficiéncia. Esse artigo demonstra o potencial
de blockchain como tecnologia base para enfrentar os desafios na gestdo de REs.

O Artigo Il (APENCIDE C) relaciona-se a dimenséo de Viabilidade Técnica, avaliando
uma DAO implementada com ferramentas de blockchain disponiveis. A prova de conceito e o
caso experimental de negdcios demonstraram a viabilidade técnica do uso de contratos
inteligentes para regras de negocios, de gerenciamento de identidade, de rastreamento de
residuos e de mecanismos de crédito. Este artigo fornece evidéncias empiricas das
possibilidades e das limitagdes técnicas da implementagdo de uma DAO para reciclagem de
REs.

Integrando esses achados, a avaliagdo imposta pelo objeto geral dessa dissertagao tem
como resultado promissor da aplicagdo de DAOs solugdes técnicas inovadoras na reciclagem
de REs. Todavia, a implementacdo bem-sucedida de uma DAO nesse contexto ainda possui
barreiras consideraveis, como questdes legais, limitagdes técnicas de solucdes de blockchain

disponiveis, custos elevados de processamento € acesso a tecnologia a um publico comum.
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5.2  Continuidade da pesquisa

Com base no contexto, nos objetivos e nos resultados dessa dissertacao, surgem varios
caminhos para futuras pesquisas, tanto com foco na reciclagem de REs, como em outras etapas
de uma economia circular de produtos.

Em relacdo a governanga organizacional, pesquisas futuras podem explorar cada uma
das cinco dimensdes do framework proposto no Artigo I (APENDICE A), desenvolvendo meios
de mensurar e monitorar métricas de eficacia da governanga e investigando o papel de diferentes
mecanismos de incentivo além de fokenizacdo.

Em relagdo aos problemas empiricos ¢ a legislagdo sobre gestdo de REs, pesquisas
futuras podem identificar oportunidades e barreiras globais para a implementacao de solugdes
baseadas em blockchain, além de buscar o conhecimento de especialista envolvido no setor
informal de REs, querendo entender sua influéncia.

Em relacdo a viabilidade técnica, pesquisas futuras podem desenvolver protétipos de
DAO em plataformas blockchain alternativas, além da Ethereum, ¢ desenvolver solugdes de
integragao de outras tecnologias da Industria 4.0, como a Internet das Coisas.

E consideravel também investigar solugdes para mitigar os desafios econdmicos
associados aos custos de transacdo em redes publicas de blockchain, além de explorar
mecanismos para atualizar e modificar contratos inteligentes sem comprometer a confiabilidade
e a integridade da informacao.

Contudo, segundo os resultados desse trabalho junto as oportunidades observadas, ¢
consideravel pensar a aplicagdo de DAOs na gestdo de REs como um riquissimo campo para

novas pesquisas.
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Not just code: A framework for community governance and

management in Decentralized Autonomous Organizations

Abstract

The concept of Decentralized Autonomous Organizations (DAOs) has introduced a novel paradigm
in organizational governance, characterized by more collaborative decision-making. However, the
lack of established organizational frameworks for DAOs presents significant challenges to their
constitution, stability, and longevity. Aiming to address this shortcoming, this paper presents a
conceptual framework to guide the design of the community governance structure of DAOs. To
achieve this aim, we employed two complementary methods: firstly, we conducted a systematic
literature review about DAOs and community governance; secondly, we conducted an analysis of the
governance methods employed by five DAOs operating in public blockchain ecosystems. The
proposed framework provides a valuable tool for DAO founders, developers, and community
members to design and implement effective governance structures and contributes to the

understanding of DAO governance and further research.

Keywords: Blockchain, Digital business, Human-machine agency, Stakeholder engagement,
Tokenized economy

1 Introduction

The emergence of computer networks has precipitated a paradigm shift in human organizations
and interactions. A pivotal development within this trajectory was the dissemination of blockchain
technology by Nakamoto (2008), presenting a foundation for novel economics and decentralized
human interactions, bypassing intermediaries, and fostering new forms of human collaboration (L.
Liu et al., 2021; Pacheco, 2019).

With its inherent attributes as a distributed ledger, blockchain presents applicability for diverse
administrative functions. For example, logistics stands to gain traceability capabilities, while finance
and tourism can enhance operational efficiencies and cost reduction. This capacity to support
intelligent business operations across various domains ultimately enhances management and

decision-making through verifiable and auditable data (Erceg et al., 2020; Pancic et al., 2023).

Decentralized Autonomous Organizations (DAOs) are a novel organizational model enabled by
blockchain technology, operating as collaborative systems combining human and machine elements.
DAOs are governed by rules and incentives encoded as smart contracts on a public blockchain,
driving their operation through the voluntary efforts of their community members (Anand &
Chauhan, 2020; E. Ellinger et al., 2024).

DAOs operate on principles of collective action where virtual community members collaborate
to establish, debate, and vote on rules governing software protocols and oversee the exchange of

shared assets (Santana & Albareda, 2022). This governance model enables participants to collectively
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make decisions and manage organizational resources through consensus mechanisms and
participative decision-making (Buterin, 2014; Wang et al., 2019).

Leveraging blockchain's transparency, immutability, and security, DAOs provide a platform for
trust, collaboration, and innovation within a distributed network (Anand & Chauhan, 2020).
According to DeepDAQ’s report (2024), DAOs are active across diverse fields, from finance to the
arts, accumulating a total treasury of USD $32.5 billion in assets collectively managed by 11.3 million

token holders.

DAO scholarly literature has been focusing on blockchain and smart contract code-level to
address technological features such as transparency through automated rule agreements defined in
code without human intervention (Singh & Kim, 2019), smart contract automatic execution, encoded
rules, and the decision-making process to create a structure with decentralized control (Wright, 2023).
The present study intends to discuss DAO beyond the code level.

DAOs have a significant human component, which has prompted research into diverse areas,
including conflict resolution (Chen & Cai, 2023), entrepreneurial endeavors (Oguntegbe et al., 2023,
Poeschl, 2023), and participatory decision-making (Augustin et al., 2023).

As presented by Amend et al. (2023), Rausser et al. (2023), and Riaza and Gnabo (2023), DAOs
are a more democratic model with an innovative functional structure compared to traditional
organizations. This model can offer solutions to problems related to decentralized management and
stakeholder’s collaboration (W. Ding et al., 2023).

DAOs blend on-chain smart contracts with off-chain member interactions, empowering
individuals to collaborate while simultaneously addressing the critical challenge of mitigating
conflicts of interest and reducing misconduct. DAOs offer a novel approach to collective decision-
making and operational oversight, fostering trust and transparency (Axelsen et al., 2022; Hsich et al.,
2018).

However, DAOs also present significant challenges, including technical complexity, public
misunderstanding, regulatory hurdles, and practical operational issues (Gilson & Bouraga, 2024,
Wang et al., 2019). As discussed by Ding et al. (2021), since there are no conventional organizational
frameworks for DAOs to deal with their community governance, they must adopt and develop ways

to organize themselves as they see fit.

To address this shortcoming, this paper presents a conceptual framework to guide the design of
the community governance structure of DAQOs. To achieve this aim, we employed two complementary
methods: firstly, we conducted a systematic literature review about governance within DAOQOs;
secondly, we conducted an analysis of the governance methods employed by five DAOs operating in
public blockchain ecosystems.

Following this introduction, Section 2 outlines the methodological approach employed in this
research. Section 3 presents a synthesis of existing literature. Section 4 presents an empirical analysis
of governance mechanisms observed in the five selected DAQOs. Section 5 presents the conceptual
framework developed in this study, detailing its underlying logic and theoretical underpinnings.
Section 6 concludes the article by acknowledging the study's limitations and further research.
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2 Methodological approaches

This section details the methodological approach adopted for this research. Firstly, we outline
the protocol followed for the systematic literature review, adhering to the established procedures of
Kitchenham (2004). Secondly, we describe the analysis of governance practices within five DAOs

operating in public blockchain ecosystems.
To guide the search for information, six research questions were formulated:

e RQ 1. What theoretical frameworks can guide community governance in DAOs?
¢ RQ 2. Who are the key stakeholders in DAO's community governance?

* RQ 3. How to increase engagement in DAO's community?

¢ RQ 4. What centralized elements exist in DAQO's community governance?

¢ RQ 5. What are the voting limitations within DAO's governance?

¢ RQ 6. What are some common governance practices in successful DAOs?

The answers to the first five research questions inform the development of the proposed
conceptual framework, while the findings from the sixth question (RQ6) supports it by providing
descriptive evidence from real-world DAO governance examples.

2.1 Systematic literature review

We used Scopus and Web of Science as search platforms due to their comprehensive coverage,
high quality, and reproducible results. The search was conducted in two strategies, using four search
strings, two per strategy and platform.

The first search strategy was realized with the query strings presented in Table 1. These query
strings seek to locate publications with the following characteristics and respective proposals:

o classified as articles, to ensure greater rigor and quality of information;

o written in English, given the linguistic ability of the authors and to facilitate source checking;

e published in 2023 or 2024, to find state-of--art research;

e containing in their title, abstract, or keywords the acronym terms of DAOs or DACs in singular
or plural form and with American or British English grammar;

e with the terms "community" or "governance" in singular or plural forms.

During the reading step, references relevant to the topic were also included in the final selection,
following a snowball practice.
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Table 1. Query strings used in the first search strategy.

Source Query

TITLE-ABS-KEY ( ( "decentrali*ed autonomous corporation®™" OR "decentrali*ed
autonomous organi*ation®" ) AND ( "governance*" OR "communit*" ) ) AND ( LIMIT-
TO ( DOCTYPE, "ar") ) AND ( LIMIT-TO ( LANGUAGE , "English" ) ) AND ( LIMIT-
TO ( PUBYEAR , 2023 ) OR LIMIT-TO ( PUBYEAR , 2024 ) )

Scopus

( TI= ( ( "decentrali*ed autonomous corporation®*" OR "decentrali*ed autonomous
organi*ation®" ) AND ( "governance*" OR "communit*" ) ) OR AB= ( ( "decentrali*ed
autonomous corporation®*" OR "decentrali*ed autonomous organi*ation*" ) AND (

Web of Science "governance*" OR "communit®*" ) ) OR AK=(( "decentrali*ed autonomous
corporation*" OR "decentrali*ed autonomous organi*ation*" ) AND ( "governance*"
OR "communit*" ) ) ) AND ( PY== ("2023" OR "2024" ) AND DT== ( "ARTICLE" )
AND LA== ( "ENGLISH" ) )

The second search strategy was realized with the query strings presented in Table 2, looking for
publications from years before 2023, and not only articles. These query strings seek to locate
publications with the following characteristics and respective proposals:

e written in English, given the linguistic ability of the authors and to facilitate source checking;
¢ containing in their title, abstract, or keywords the acronym terms of DAOs or DACs in singular
or plural form and with American or British English grammar;

e with the terms "community" or "governance" in singular or plural forms.

As part of the filtering stage, publications were selected whose number of citations were equal

to or greater than the sample average, in this case fourteen citations.

Table 2. Query strings used in the second search strategy.

Source Query

TITLE-ABS-KEY ( ( "decentrali*ed autonomous corporation®" OR "decentrali*ed
Scopus autonomous organi*ation*" ) AND ( "governance*” OR "communit*" ) ) AND ( LIMIT-
TO ( LANGUAGE , "English" ) )

( Tl= ( ( "decentrali*ed autonomous corporation®" OR "decentrali*ed autonomous
organi*ation*" ) AND ( "governance*" OR "communit*" ) ) OR AB= ( ( "decentrali*ed
. autonomous corporation™" OR "decentrali*ed autonomous organi*ation*" ) AND (
Web of Science N " N e N .
'eovernance*" OR "communit*" ) ) OR AK=(( "decentrali*ed autonomous
corporation®" OR "decentrali*ed autonomous organi*ation®" ) AND ( "governance*"

OR "communit*" ) ) ) AND (LA== ( "ENGLISH" ) )
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Figure 1. Sequential steps of each search strategies applied,
indicating the number of articles excluded and retained at each step.
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* Also excluding publications that incorporate information from others selected ones or which authors didn't have direct
access.

Each search strategy has a sequence of selection steps, as shown in Figure 1. Considering the
final selection of the two search strategies, we selected nineteen articles to answer the research
questions of this systematic literature review. The raw data underlying this article will be accessible
through the publisher's platform.

2.2 Analysis of governance practices in DAOs

To address RQ 6, we analyzed the governance practices of five prominent DAOs operating
within public blockchain ecosystems: Arbitrum, GnosisDAO, MantleDAO, Optimism, and Uniswap.
These DAOs were selected because they were among the top 10 with the highest treasury reserves,
as reported by DeepDAO (2024), signitying their influence within their respective blockchain
ecosystems.

We conducted this documentary analysis by collecting information from the official websites
of the selected DAOs. The subsections of Section 4 reference these websites and present a summary

of the findings.

To ensure comprehensive data collection, five key aspects of DAO governance were defined to
guide the information secarch. These key aspects, listed in Table 3, served as a structured document
analysis protocol for identifying relevant data points across the selected DAOs.
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Table 3. Governance aspects observed in analyzed DAOs.

Governance aspect Description

This dimension examines whether the DAO employs a hierarchical
Governance structure o
or distributed governance model.

. The extent to which token holders directly or indirectly influence
Token-holder influence .. . .
decision-making processes within the DAO.

. L. Methods for community members to engage in governance
Community participation . ) . .
activities, such as discussions, proposals, and voting.

. The utilization of smart contracts and other on-chain mechanisms to
On-chain governance ..
execute and enforce governance decisions.

3 Findings in academic literature

This section presents our findings and discussion related to research questions RQ 1 to RQ 5.

3.1 Related Theories

The community governance of DAOs can be analyzed through several theories that evaluate
different perspectives (RQ 1). As summarized by Santana and Albareda (2022), some of the
applicable theories are:

o Agency Theory can offer ways to develop strategies to mitigate agents' self-interested behavior,
which can cause governance conflicts in DAOs;

¢ Theory of Institutions for Collective Actions can offer ways to understand how DAOs, as peer-
to-peer communities, manage shared digital assets;

e Sociomateriality Theory can offer ways to analyze the human-machine interactions that control
DAQ's operations.

Alawadi et al. (2024) expand the set of theoretical perspectives by presenting two other theories:

o Stewardship Theory, as the antithesis of Agency Theory, offers a perspective for analyses which
conditions create more balanced interests among different DAQ's stakeholders, collaborating for
the joint growth of the organization.

o Transaction-Cost Theory applies to DAOs because they can reduce market costs by offering a
clear contractual framework that prevents investors from misinterpreting agreements.

Beck et al. (2018) also suggest that the theoretical framework of IT governance offers valuable
guidance for discussing governance within the blockchain economy, encompassing DAOs as full-
digital organizations.

Ding ct al. (2021) mentions Parallel Intelligence Theory as a relevant theoretical and practical
framework for DAO governance, offering solutions to challenges arising from multiple decision-
making agents operating in uncertain environments.

Organizational theory also offers valuable insights into the dynamics of community governance

within DAOs. This theory explores how organizations function, evolve, and respond to extern...



factors. By examining various organizational perspectives and frameworks, it can offer more
understanding of DAO structure, behavior, and adaptation (ASU, 2023).

Even though DAOs are usually described as ideal for democratic governance and resource
management, mistrust and questionable incentives typically drive them into practice. Instead of
collective stewardship for the common good, DAOs often function as systems of checks and balances
to manage potential conflicts and protect diverse stakeholders' interests, aligning more closely with
traditional agency theory (Alawadi et al., 2024).

3.2 Key players in DAO community and governance

Understanding the key stakeholders involved in DAO community governance is crucial for
effective decision-making and community development (RQ 2). DAOs introduce a novel way to work

by fostering voluntary collaboration within decentralized peer-to-peer communities.

Santana and Albareda (2022) and Alawadi et al. (2024) outlined that DAO members can assume
distinct roles, such as:

e Founders initiate the DAOQ, establishing its objectives and rules for cryptocurrency investments;

* Investors offer crypto assets, receiving DAQO's tokens that grant participation in decision-making;

o Developers contribute by designing, implementing, and refining the DAQ's business logic within
smart contracts;

e Miners/Validators support the blockchain infrastructure by processing, validating, and storing
members’ transactions.

Azouvi et al. (2019) highlight the substantial influence developers hold in blockchain-based
organizations. As they are responsible for translating proposals into code, they can potentially
manipulate decisions to serve their own interests (Zhao et al., 2022).

3.3 Engaging the DAO community

A thriving DAO community requires active engagement from its members (RQ 3). Due to the
possibility of anonymous participation in DAOs, it is difficult to guarantee the engagement and
responsibility of participants (Tamai & Kasahara, 2024). Malicious members can exploit the
organization's reputation and community trust for their own benefit, engaging in short-term, high-risk
activities to generate quick profits, potentially endangering the long-term sustainability of the DAO
(Li & Chen, 2024).

Membership engagement reinforces the interests of both DAO actors and the overall
organization. A robust incentive structure increases the likelihood of sustained attention and effort
from co-investors, potentially deepening their commitment and engagement over time. Ellinger et al.
(2024) suggest fostering a shared stake in the DAQ's success by rewarding mutually beneficial
activities through dual-value tokenization.

DAOs heavily rely on vesting to engage founders, contributors, and external token holders. To
address the issue of members quickly selling their tokens, Davidson (2023) proposes linking vesting
contracts to the token's value, not just time.
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As proposed by Davidson (2023), when someone joins a DAO as a contributor and receives
native tokens, these tokens aren't immediately liquidable. Instead, a vesting contract determines when
and how the tokens become available for liquidation based on time or value. This approach enables
an alignment of compensation with performance, encourages long-term commitment, and reflects the

quality of contributions.
Gilson and Bourage (2024) also suggest some strategies to boost member engagement, such as:

o gamify voting: introduce rewards and competitive elements to make voting more fun;

o simplify proposals: use plain language, visuals, and interactive formats to make proposals
accessible to a wider range of token holders;

e increase effective communication: encourage open dialogue between token holders and
developers, providing clear and accessible information on DAO rules, proposals, and decision-
making procedures;

e allow plenty of time for decisions: encourage members to gather information before making
decisions, aiming to balance individual desires with the collective good.

Along with these practices, Liu et al. (2022) suggest that fostering social capital, sharing capital
and psychological ownership, and organizing members based on their organizational experience can
increase engagement in DAOs.

Voting power has an impact on engagement. For instance, the low perceived impact of individual
votes in DAOs often discourages active participation. Alawadi et al. (2024) suggest a system where
voting power diminishes over time for members who are inactive in the DAO, encouraging greater

participation from more active members.

3.4 Decision and governance concentration

Despite their theoretically decentralized governance, DAQOs often incorporate centralized
elements in their structures (RQ 4). According to the empirical results of Gilson and Bourage (2024),
DAO participants expressed significant concern about token concentration, considering this as a key
issue within DAOs.

As outlined by Sun et al. (2024), despite aiming for decentralization, DAOs still exhibit
centralized tendencies, with large token holders wielding considerable influence. This can increase
the risk of collusion among key decision-makers.

As pointed by Beck et al. (2018) and Covarrubias ¢ Covarrubias (2021), the centralized allocation
of decision rights during the initial development phase of DAOs may results in substantial control
and decision-making authority for the initial development team. This aspect was also observed by
Liu et al. (2022) in their study on the DAO “Steemit.”

As pointed out by Santana and Albareda (2022), DAOs, while more decentralized than traditional
organizations, often exhibit power imbalances as key figures like founders, major contributors, and
developers maintain significant influence. This can lead to conflicts within the community,
highlighting the limitations of DAQO decentralization.
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This reality is also exposed by Ellinger et al. (2024). While DAOs are often perceived as self-
governance communities with commons objectives, they operate in a hybrid space between
centralized and community-based governance. Decision-making power and influence within DAOs
are concentrated in specific groups, revealing a complex internal structure that is neither fully

centralized nor decentralized.

Another evidence of this reality is presented by Ellinger et al. (2023), which shows that one of
the biggest DAOs, the MakerDAO, faces challenges in achieving decentralized governance. Despite
its success as a stable coin project, internal conflicts arose due to differing member interests. To
address this, MakerDAO committed to strengthening decentralization and community involvement.
This experience highlights the difficulty of balancing central and decentralized structures in a DAO.

Even though in theory DAOs can be a completely decentralized entity, there is not an impediment
to deliberate actions by influential members of the network that result in them taking control. As
outlined by Augustin (2023), when a small fraction of the members is genuinely interested in
participating in the decision-making and development process, there may be a loophole for the

centralization of authority and decisions.

3.5 Voting limitations

Voting is a fundamental aspect of DAO governance, but it is not without limitations (RQ 5).
According to Tamai and Kasahara (2024), DAOs face two main problems with their voting systems:

¢ members who own a substantial number of governance tokens, often called "whales," have much
higher decision-making power;

 members can coordinate to manipulate votes using harmful tactics to get their way and benefit
themselves.

With the objective of solving these two major problems, the authors proposed a mechanism to
counter behaviors driven by participants' short-term self-interest, called "veToken." As proposed by
Tamai and Kasahara (2024), this mechanism incentivizes participants to lock up their governance
tokens for longer periods, increasing their voting power based on both the number of locked tokens
and the duration of the lockup.

Besides this proposed mechanism, some DAOs allow token holders to delegate their voting
rights, transferring them to trusted individuals or groups (Alawadi et al., 2024). This mechanism can
encourage broader community participation and reduce voter apathy. However, it also poses the risk
of power centralization, as a small number of representatives could potentially dominate the decision-

making process (Axelsen et al., 2022).

Delegating voting rights can create a hierarchical structure within a DAO, contradicting its
decentralized principles. Additionally, lobbyists can exert undue influence over voting processes,
undermining democratic decision-making. DAOs should implement more inclusive decision-making
frameworks, such as multi-stakeholder models, to ensure diverse representation and reduce the
potential for manipulation (Alawadi et al., 2024).
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Sun et al. (2024) found evidences of limitations in voting delegation practices within
MakerDAQ's governance polls. The way voting is delegated can significantly influence how DAOs
are governed. When a small number of delegates hold a lot of voting power, it can lead to more heated

debates, due to conflicting viewpoints.

Rikken et al. (2019) posit some challenges in voting systems in achieving equitable distribution
of voting power. The foundational principle of "one person, one vote" is rendered problematic in
conditions of anonymity or pseudonymity. Furthermore, the capacity for uninformed participation
raises concerns regarding the quality of decision-making processes, a phenomenon sometimes
referred to as mob rule or the tyranny of the majority.

Zhao et al. (2022) point to efficiency concerns in operational decision-making within
Decentralized Autonomous Organizations (DAOs). Specifically, they argue that the inherent voting
process can introduce inefficiencies when applied to routine operational decisions, which frequently

necessitate rapid responses to dynamic market conditions.

4. Governance practices in DAOs

This section examines the governance aspects of five DAOs operating in public blockchain
ecosystems, with a specific focus on addressing RQ 6 and considering the key aspects listed in Table
3.

4.1 Arbitrum

Launched in 2022, Arbitrum is a layer-2 blockchain operating on the Ethereum network. It
employs a rollup protocol to enhance transaction speed and reduce costs while maintaining

Ethereum's security guarantees.

The Arbitrum Constitution serves as the foundational framework. It outlines the core governance
structure, defining roles, responsibilities, and decision-making authorities for all entities within the
ecosystem (Arbitrum, 2025).

At the core of the governance system lies the Arbitrum DAO, governed by token holders and
ruled by on-chain smart contracts along with three other governance entities.

The Arbitrum Foundation, which reviews proposals and actions to ensure they align with the
Arbitrum Constitution and its own Memorandum of Association. Operating under the authority of a

designated Governor contract, the Foundation manages a treasury to support the ecosystem.

The Arbitrum Security Council, composed of twelve elected members, this council is responsible
for safeguarding the integrity, confidentiality, and availability of the Arbitrum network. The Council
possesses emergency powers, allowing it to implement critical upgrades and initiate protocol changes

when necessary.

The Arbitrum Data Integrity Committee focuses on managing the data availability of Arbitrum
Nova, a network designed to facilitate lower transaction costs by operating under more relaxed trust
assumptions.
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4.2 GnosisDAO

Gnosis is a Decentralized Finance (De¢Fi) ecosystem specializing in the development of critical
market infrastructure for DeFi solutions. Established in 2020, GnosisDAO serves as the collective
steward of the Gnosis ecosystem, leveraging its products to guide development, support, and

governance decisions.

The GnosisDAO governance model is predicated on principles of transparency, broad-based
participation, and inherent adaptability. GnosisDAQ's governance framework is structured around a
multi-stage proposal lifecycle encompassing initial community deliberation, formal articulation, and

decisive on-chain execution (Gnosis, 2025).

Prospective proposals are first introduced as informal drafts within the community forum,
fostering an environment for open dialogue and iterative feedback. This preliminary phase of
collective discussion ensures that evolving proposals resonate with the diverse perspectives and

address the multifaceted needs of the stakeholder community.

The DAO's governance process is organized into three distinct phases: the origination and
iterative refinement of novel proposals, the subsequent formalization of promising concepts through
the standardized Gnosis Improvement Proposal (GIP), and the final on-chain voting phase.

The GNO token plays a pivotal role within this ecosystem, empowering stakecholders with voting
rights, underpinning network security through staking mechanisms, and aligning economic incentives
across the decentralized platform. The community of GNO token holders exercises governance over

the development, funding, and overall direction of the Gnosis ecosystem.

4.3 Mantle

Launched in 2023, Mantle Network is an Ethereum Layer 2 scaling and lower cost blockchain
solution in comparison to Ethereum. The governance of the ecosystem is made by the governance-
focused DAO called Mantle DAO, which is its sub-DAO structure, enabling specialized governance
for core contributor teams, topical committees, voting delegation, and budget lines.

The Mantle DAO governance model embodies a hybrid approach that joins decentralized,
community-led decision-making with agile, sometimes off-chain, implementation. It stands as an
example of how DAOs can balance rigor and flexibility, ensuring that strategic and technical changes
are both thoroughly deliberated and efficiently executed (Mantle, 2024).

Mantle’s decision-making power lies directly with SMNT token holders. They control major
strategic levers such as launching new product lines, altering tokenomics, approving spending, and
modifying governance parameters.

Changes to the network are formalized through Mantle Improvement Proposals (MIPs), which
function similarly to statutes or corporate policies, allowing stakeholders to debate, improve, and
eventually solidify the proposal before it moves to a formal vote.

After the initial discussion phase, proposals are put to an official vote on the Governance Module.
Token holders then use their voting power to ratify or reject proposals. This step ensures that eve
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significant decision reflects the collective will of the community and maintains transparency in the

decision-making process.

Once approved, proposals are implemented either through automated on-chain code execution or
via off-chain methods led by a core contributor team. Many implementations occur off-chain,
highlighting a flexible approach that adapts to the nature of the proposed changes and the operational
realities of the organization.

4.4 Optimism

Established in 2022, Optimism is an Ethereum Layer 2 blockchain for hosting decentralized
applications encompassing a wide spectrum of crypto activities. The Optimism ecosystem employs a
multi-layered approach that aims to balance the interests of token holders with broader community
considerations.

The governance of the Optimism ecosystem is managed by the Optimism Collective, a
governance-focused DAO that governs the protocol and its ecosystem, empowering community
participation in decision-making. Along with the Optimism Collective, there are two distinct sub-
DAOs (Optimism, 2024).

The Token House represents the token holders and is responsible for protocol upgrades, treasury
management, and oversight of project directors. It operates through a delegated-voting system,

incorporating non-binding committees to enhance decentralization and streamline decision-making.

The Citizen House, comprised of appointed and elected members, oversees funding, allocating
grants to projects based on their ecosystem impact. Membership in the Citizen House is denoted by
democratic voting and is legitimized by non-fungible tokens.

4.5 Uniswap

Established in 2019, Uniswap is a decentralized exchange operating on the Ethereum blockchain.
It facilitates the trading of ERC20 tokens through a set of immutable smart contracts, prioritizing
censorship resistance, security, and user self-custody.

The governance of Uniswap embodies a multi-stage process intended to foster collaborative
protocol development involving diverse stakeholders. This structured approach facilitates decision-
making through sequential phases encompassing public discourse, community sentiment assessment,
and on-chain voting (Uniswap, 2024).

This phased method incorporates inherent checks and balances designed to ensure evaluation of
proposals, mandating thorough debate and establishing voting thresholds aimed at reflecting
substantial and broad-based consensus.

The Uniswap governance ecosystem incorporates several key procedural elements. The
Governance Forum serves as a platform for discussions, collaborative development, and the
incorporation of community input. Furthermore, tools such as Agora and Tally play a significant role
in streamlining the proposal submission and voting processes, enabling participants to track the
evolution of governance proposals and exercise their voting rights.
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5. Proposed Framework

The proposed framework posits that DAO governance hinges on five dimensions: sustainable
decentralization, decision accountability, centralization risk, voting limitation, and community
engagement. In this section we describe the five dimensions of the framework illustrated in Figure 2.

5.1 Sustainable decentralization

This dimension considers the theoretical foundations and measurable metrics that underpin
sustainable decentralization within DAOs.

Agency Theory outlines aligning incentives among stakeholders to mitigate potential conflicts
of interest; Sociomateriality Theory highlights the interplay between social, technological, and
material factors that shape DAO governance outcomes; and Stewardship Theory emphasizes the

ethical responsibility of key stakeholders in fostering a sustainable and accountable ecosystem.

To measure the degree of decentralization can be used: the distribution of token ownership (e.g.,
through the Gini coefficient), the decentralization of decision-making power (e.g., accessibility of
proposal initiation and voting), and the autonomy of sub-DAOs.

DAOs can strive towards a sustainable level of decentralization that fosters community
ownership, minimizes the risk of centralization, and maximizes the benefits of decentralized

governance.

5.2 Decision accountability

This dimension emphasizes transparency, responsibility, and rule-abiding decision-making
within the DAO. It focuses on establishing mechanisms to track decisions, ensure accountability for

actions, and maintain a prominent level of transparency and auditability.

A robust governance framework is essential for achieving decision accountability. This includes
a well-defined constitution, a code of conduct, and a comprehensive set of rules that guide decision-
making processes, outline member roles and responsibilities, and establish consequences for rule
violations.

Transparency is crucial for building trust within the DAO. Public access to financial records,
decision-making logs, and code repositories allows community members to verify the legitimacy of
actions and identify potential irregularities.

Furthermore, on-chain voting records provide an immutable record of decision-making, enabling
the verification of individual votes and the identification of potential voting irregularities. Reputation
systems and robust dispute resolution processes can also enhance accountability by incentivizing

responsible behavior and ensuring fair resolution of conflicts.

To assess the effectiveness of decision accountability mechanisms, some metrics can be used.
These metrics include the frequency of rule violations and the consistent enforcement of penalties,
the public availability of information and the ease of access to relevant data, and the incorporation of

community feedback into decision-making processes.
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By effectively implementing these mechanisms and regularly monitoring these metrics, DAOs
can enhance decision accountability, build trust within the community, and ensure the long-term

sustainability and success of the organization.

5.3 Centralization risk

Decentralization is a cornerstone of DAOQOs, aiming to distribute power and decision-making
across a broad community. However, centralization risks can undermine this principle, leading to
vulnerabilities and potential exploitation. This dimension focuses on identifying and mitigating these
risks, ensuring the DAO remains truly decentralized and resilient.

Centralization risks can manifest in various forms within a DAQ. For instance, a concentration
of voting power among a small group of token holders can enable them to manipulate governance

outcomes, compromising the interests of the broader community.

Similarly, reliance on a few key developers or core contributors can create single points of failure,
making the DAO vulnerable to their actions or potential exit. Additionally, centralized control over
critical infrastructure, such as the DAQ's treasury or communication channels, can be exploited for
malicious purposes.

To mitigate these risks, DAOs can implement a range of strategies. Token distribution
mechanisms can be designed to encourage wider token ownership and prevent excessive
concentration of voting power. This can be achieved through airdrops, community grants, or token

vesting schedules.

Furthermore, fostering a diverse and inclusive community can ensure that a wide range of
perspectives are considered in decision-making processes. Decentralized governance mechanisms,
such as multi-signature wallets, can distribute control over critical functions, reducing the risk of
single points of failure. Finally, transparent, and open-source development practices can enhance
community trust and reduce the potential for malicious actors to exploit vulnerabilities.

By proactively addressing centralization risks, DAOs can strengthen their governance structures,
enhance their resilience, and ensure that decision-making remains truly decentralized and aligned
with the interests of the broader community.

5.4 Voting limitation

A critical aspect of DAO governance is ensuring fair and equitable participation in decision-

making processes. However, several challenges can hinder effective voting within DAOs.

Voter apathy, characterized by low turnout and disengagement, can undermine the legitimacy of
governance decisions. This apathy can stem from several factors, including the perceived complexity
of governance processes, the lack of clear incentives for participation, and the feeling of

insignificance in influencing collective outcomes.

Furthermore, information asymmetry can significantly impact voting outcomes. Unequal access
to information and resources among voters can create an uneven playing field, where some
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individuals are better informed and equipped to make informed decisions than others. This can lead

to situations where well-informed actors manipulate or exploit less-informed voters.

The concept of rational abstention further complicates the voting landscape within DAOs. In
situations where the perceived impact of an individual vote is negligible, rational actors may choose

to abstain from voting altogether, leading to low voter turnout and potentially suboptimal outcomes.

To address these challenges, several solutions can be explored. Delegated voting mechanisms
allow token holders to delegate their voting power to trusted representatives, potentially increasing
participation and improving decision-making efficiency. Liquid democracy, a hybrid approach,
combines direct and delegated voting, allowing individuals to choose whether to vote directly or

delegate their power, providing greater flexibility and potentially increasing overall participation.

Finally, robust education and awareness campaigns are crucial to fostering informed and engaged
voters. By educating voters on the importance of participation, the consequences of their voting
decisions, and the intricacies of DAO governance, DAOs can empower their community members to
make informed and responsible choices, strengthening the legitimacy and effectiveness of their
governance structures.

5.5 Community engagement

A vibrant and engaged community is the lifeblood of any successful DAO. This dimension
focuses on fostering active and meaningful participation from all stakeholders. Effective
communication channels, such as clear and accessible forums, social media groups, and regular

updates, are crucial for keeping the community informed and engaged.

Furthermore, incorporating gamification elements, such as rewarding active participation,
recognizing valuable contributions, and introducing playful challenges, can incentivize community
members to actively contribute to the DAQO's success. Streamlining processes, such as simplifying
proposal submission, voting procedures, and decision-making mechanisms, reduces barriers to entry
and encourages broader participation.

Key metrics for assessing community engagement include participation rates, such as voter
turnout, proposal submission rates, and forum activity. Additionally, tracking the diversity of
participants and ensuring representation from different stakeholders, demographics, and skill sets is
crucial for fostering inclusivity and ensuring a well-rounded perspective. Monitoring community
sentiment through sentiment analysis of forum discussions and social media mentions provides

valuable insights into the overall health and morale of the community.

By prioritizing community engagement, DAOs can cultivate a thriving ecosystem where
members feel valued, empowered, and motivated to actively contribute to the collective success of
the organization.
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Figure 2. Proposed conceptual framework to guide DAQ’s community governance.
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6. Conclusions

Blockchain technology has revolutionized how we approach digital innovation and governance,
and the emergence of DAOs has highlighted the need to carefully consider the potential obstacles of
decentralized governance in order to build sustainable and thriving decentralized communities.

Although many articles consider DAO from the blockchain and smart contracts aspects, what we
consider the “code level,” this article sought to address organizational aspects of DAOs, going beyond
the level of functionalities and technical characteristics. In this sense, we hope to bring theoretical
and practical contributions at the business level.

This study contributes to the growing body of knowledge on DAOs and their role in community
governance. The findings contribute to the theoretical understanding of DAOs with the identification
of DAOs governance aspects organized in the framework (Figure 2). To practitioners, it provides a
valuable tool for DAO founders, developers, and community members to design and implement
effective governance structures.

While significant academic attention has been directed towards the technical contributors,
investors, and governance token holders of DAOs, the role of clients of DAO services remains
understudied. The role and needs of DAO clients should also be considered for the long-term
sustainability and success of these organizations.

To guide future research on community governance in DAOs, Table 4 presents a series of future

research recommendations gleaned from the reviewed literature.

Table 4. Suggestions for future researchs

Questions for future researchers Source

How do the dynamics of community governance modify DAQ's smart .
Alawadi et. al (2024)
contracts and overall structure?

How can machine learning be effectively integrated into DAOs while
S L . Wang et. at (2019)
considering the implications for community and governance?

What additional mechanisms can be implemented to encourage active

shareholder participation in DAOs without compromising Alawadi et. al (2024)
decentralization?

How can specialized consensus mechanisms be designed to effectively .
. . L Li and Chen (2024)
coordinate diverse stakeholders within DAOs?

How can transparent decision-making processes be developed for DAOs to .
. L . . . . Gilson and Bouraga
ensure democratic access to information and effectively monitor decision-

. (2024)
making procedures?
How can optimized notification systems and user-friendly platforms Gilson and Bouraga
enhance DAO governance and participation? (2024)

What are the opportunities, tensions, and challenges of work created by )
A Ellinger et. al (2024)
DAOs, and how do users respond to these dynamics?
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However, this work is not completely free of biases and limitations. Our database selection
potentially excludes articles not indexed within those sources, and, despite a systematic method for

literature review, subjective interpretations cannot be eliminated.

We acknowledge that snowballing in systematic literature reviews may still be limited by relying
solely on randomized searches, which can introduce selection bias. Future research should explore

diverse methodologies, interdisciplinary approaches, and larger article samples to address this issue.

The authors' decision for only English-language publications restricts findings on a global scale.
DAOs are a worldwide phenomenon with a diverse user base; their adoption and related discussions

can extend to other languages in future studies.

This study did not delve into the cybersecurity risks that could significantly influence community

governance.
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O desenvolvimento tecnologico continuo resulta na crescente geragdao
de residuos eletrénicos. A lida com esse tipo de residuo implica em
desafios ndo apenas relacionados a sustentabilidade, mas também
desafios técnicos para controle de quantias geradas, coleta e
reciclagem. Politicas e sistemas para gestdo e logistica reversa
eficazes, incentivadores e colaborativos sdo de grande importancia
para garantir a eficacia. Nesse contexto, esse artigo analisa fatores
estratégicos sobre a aplica¢do da tecnologia blockchain para sistemas
de logistica reversa de residuos eletronicos, considerando o contexto
brasileiro e a legislacdo vigente. Este artigo conclui que a adogdo da
tecnologia blockchain, especificamente de protocolos que permitem o
armazenamento e processamento de informagées de maneira
descentralizada, pode ser uma base técnica para viabilizar redes
colaborativa de logistica reversa e facilitar interagées comerciais. A
aplicagdo da tecnologia blockchain na coleta e reciclagem de residuos
eletronicos também pode trazer beneficios e inovagdes para a cadeia
de valor, viabilizando solugdes de rastreabilidade, confiabilidade,
eficiéncia, inclusdo social e sustentabilidade.
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1. Introdugio

O desenvolvimento tecnologico continuo junto a fatores como novas exigéncias de mercado e
obsolescéncia programada resultam na crescente geracdo de residuos eletronicos. Essa
categoria de residuo sdlido, também conhecido como e-waste, contempla equipamentos
tecnoldgico que atingiram o fim do seu ciclo de vida funcional, estdo obsoletos ou danificados
sem viabilidade de reparo (“WHO?”, 2023; PARLIAMENT, 2012).

A lida com esse tipo de residuo implica em desafios ndo apenas relacionados a
sustentabilidade, mas também desafios técnicos para controle de quantias geradas, coleta ¢
reciclagem, visando reduzir impactos socioecondmicos causados pelo descarte inadequado e a
contaminagdo por metais pesados € demais substancias toxicas presentes nesse tipo de residuo
(DASAKLIS; CASINO; PATSAKIS,  2020;  NEEDHIDASAN; SAMUEL;
CHIDAMBARAM, 2014; SAHOO; HALDER, 2020).

Em 2016, a produgao global de e-waste foi estimada em 44,7 milhdes de toneladas, porém
apenas 20% dos residuos foram destinados a meios adequados de reciclagem ou tratamento
(DASAKLIS; CASINO; PATSAKIS, 2020; DUA et al., 2020; GUPTA; BEDI, 2018). Essa
situagdo resulta ao fato que o e-waste representa a maioria dos residuos toxicos despejados em
aterros e lixdes (ABDELBASIR et al., 2018; HOLGATE, 2018; NETO; SILVA; SANTOS,
2019; WOF, 2019). Além do mais, o descarte erratico de e-waste também representa um
prejuizo econdmico significativo devido a perda de matérias-primas valiosas (NETO; SILVA;
SANTOS, 2019). Em 2016, foi estimado o valor de 55 bilhdes de euros em matérias-primas
presentes em residuos eletronicos (DASAKLIS; CASINO; PATSAKIS, 2020).

Politicas e sistemas para gestdo e logistica reversa eficazes e incentivadores, onde fabricantes,
retalhistas, clientes e centros de reciclagem formam uma rede colaborativa com beneficios
mutuos, sdo de grande importancia (DUA et al., 2020). Entretanto, tais politicas e sistemas
sd3o majoritariamente complexos e ineficazes devido a fatores limitantes, como a falta de
comunicagao entre agentes, caréncia de infraestrutura e atividades profissionais irregulares
(SAHOO; HALDER, 2020).

Sistemas de logistica reversa para residuos cletronicos, quando existentes, comumente
apresentam limitagdes como a falta de transparéncia sobre canais de coleta, dificuldade no
calculo das quantias de e-waste recuperado, ineficacia em meios de incentivo ¢ limitagdes em
validar a coleta adequada (DUA et al., 2020; SHAHABUDDIN et al., 2023). A tecnologia
blockchain pode proporcionar solugdes mais cficazes para essa realidade, viabilizando

mecanismos para colaboragdo, processos mais automatizados e compartilhamento de dados



@

— XLIV ENCONTRO NACIONAL DE ENGENHARIA DEPRODUCAO
. "Reindustrializacao no Brasil”
ene.gep Porto Alegre, Rio Grande do Sul, Brasil, 22 a 25 de outubro de 2024.

(ALEXANDRIS et al., 2018; BUTERIN, 2014).

Seguindo esse contexto, esse artigo analisa fatores estratégicos sobre a aplicagdo da
tecnologia hlockchain para sistemas de logistica reversa de residuos eletronicos, considerando
o contexto brasileiro e a legislacdo vigente, em especifico, o Decreto n°10.240, parte da
Politica Nacional de Residuos Solidos (PNRS), o qual estabelece requisitos para o
desenvolvimento de sistemas de logistica reversa para e-waste. Essa andlise visa desenvolver
os seguintes artefatos:

a) uma analise relacionando fatores limitantes presentes no Brasil, requisitos do Decreto
n°10.240 e as capacidades da tecnologia blockchain passiveis de possibilitarem
solugdes e adequagdes nesse contexto;

b) uma analise SWOT sobre a aplicagdo da tecnologia blockchain para projetos de
sistemas de logistica reversa para residuos eletronicos.

Esse trabalho esta organizado nas seguintes segdes: a segdo 2 apresenta o contexto-problema,
com uma revisao sobre a realidade da gestdo de e-waste no Brasil e legislagdo vigente. A
se¢do 3 apresenta o contexto-solugdo, descrevendo a tecnologia blockchain, suas capacidades
¢ aplicabilidades na gestdo de logistica de lixo eletronico. A se¢do 4 descreve os métodos
adotados para realizagdo das analises. A se¢do 5 apresenta os resultados junto a discussdo

com a literatura e a se¢do 6 as conclusoes.

2. Revisao da legislagfio e sobre o lixo eletrénico no Brasil

O Brasil ¢ o segundo maior produtor de lixo eletronico no continente americano (DOS
SANTOS et al.,, 2021; NETO; SILVA; SANTOS, 2019). Em 2016, a Agéncia Brasileira de
Desenvolvimento Industrial (ABDI) estimou uma produgdo per capita de lixo eletrénico em
cerca de 7,2 kg (NETO; SILVA; SANTOS, 2019) e, em 2019, segundo dados da OCDE
(2021) a produgao per capita foi em cerca de 10,2 kg.

Todavia, ndo ha dados confiaveis sobre coleta e reciclagem de e-waste no Brasil. Como
apontado por Ghosh et al. (2016), devido a complexidade e deficiéncias nos processos de
gestdo de residuos, ¢ muito dificil estimar as quantias recicladas de e-waste no Brasil. A
caréncia de dados se deve, dentre outros fatores, a presenca de um amplo mercado informal de
produtos eletrdnicos e deficiéncias presentes nas redes de logistica reversa existentes (NETO;
SILVA; SANTOS, 2019).

Como apontado por Dias et al. (2018), o governo brasileiro ndo possui um controle efetivo

sobre as atividades de reciclagem do e-waste (NETO; SILVA; SANTOS, 2019), os quais
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também s3o dificultados pela auséncia de sistemas de gestdo eficientes (DE OLIVEIRA
NETO; DE JESUS CARDOSO CORREIA; SCHROEDER, 2017; GOVINDAN et al., 2013).
Junto a isso, o Brasil possui poucos programas de gestio de residuos em atividade (SOUZA et
al., 2016), além da falta incentivos para engajar entidades privadas e ac¢des de controle
fiscalizador sdo majoritariamente ineficazes (ALVES et al., 2021).

Essa situagdo demonstra a necessidade de inovagdes capazes de suprir tais dificuldades,
promover uma maior colaboracdo dos agentes envolvidos na cadeia produtiva e permitir
dados mais acurados.

A Politica Nacional de Residuos Solidos (PNRS) estabelece um conjunto de principios,
objetivos, instrumentos e agOes para a gestdo de residuos em territorio nacional (BRASIL,
2010). Além de definir, pelo Decreto n°10.240, normas para a implementagdo de sistemas de
logistica reversa para produtos eletroeletronicos de uso doméstico (BRASIL, 2020). A
logistica reversa ¢ um conjunto de agdes que viabilizam o descarte, coleta e reciclagem,
garantindo a destinacao adequada dos residuos gerados (DOS SANTOS et al., 2021).

O Decreto n°10.240 estabelece que fabricantes, importadores, distribuidores ¢ comerciantes
de produtos eletrdnicos implementem sistemas ¢ processos para logistica de residuos, além de
incluir os consumidores como responsaveis pela separagdo ¢ entrega desses residuos em
pontos de coleta (ALVES et al, 2021), estabelecendo o conceito de Responsabilidade
Compartilhada, todos os agentes envolvidos tém responsabilidades em relacdo a gestdo dos
residuos gerados.

Todavia, a legislagdo por si, ndo ¢ capaz de garantir o atendimento dos requisitos impostos,
visto que a coleta e reciclagem sdo frequentemente dificultados por incompatibilidades entre
diretrizes estabelecidas e fatores praticos limitantes (PAES et al., 2016). Além do mais, agdes
de longo alcance voltadas a implementacdo de sistemas de logistica reversa em acordo com a

legislacdo sdo praticamente inexistentes (NETO; SILVA; SANTOS, 2019).

3. A tecnologia blockchain e sua aplicacfio em gestio de residuos

A tecnologia blockchain foi popularizada por sua aplicagdo no trabalho de Nakamoto (2008),
o qual a utilizou como base para um protocolo digital de pagamentos descentralizados por
meio de uma criptomoeda nomeada Bitcoin. Essa tecnologia recebe esse nome dado que um
conjunto de transagdes recebe o nome de “bloco™ e cada bloco sempre referéncia o bloco
diretamente anterior, formando uma cadeia (chain, em inglés) de blocos (PACHECO, 2019).

A blockchain € uma tecnologia de razdo distribuida (Distributed Ledger Technology — DLT)
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que permite a atualiza¢do, compartilhamento e validagdo de dados por meio de transagdes
incrementais e imutaveis, anunciadas abertamente numa rede ponto-a-ponto e mantendo um
rastro historico continuo das transacdes realizadas entre agentes (DWIVEDI et al., 2021;
ELLINGER et al., 2023; MOUGAYAR, 2017).

Uma rede blockchain pode ser compreendida como um banco de dados distribuido, gerido de
maneira independente por cada unidade computacional participante da rede e atualizado por
meio dum protocolo de sincronizagdo pre-definido, sem a necessidade de uma entidade
mediadora para transmissdo ou validagdo de transagdes (BONILLA, 2023, p. 90; FAQIR-
RHAZOUI; ARROYO; HASSAN, 2021).

Como apresentado por Hooper (2018) e discorrido por Franga et al. (2020), Kutsyk et al.
(2020) ¢ Petroni et al. (2020), os beneficios e capacidades da tecnologia blockchain podem ser
resumidos em cinco topicos principais: maior transparéncia, maior seguranga, melhor
rastreabilidade, maior eficiéncia e redugdo de custos em processos automatizados e, como
descrito por (KUTSYK; REDCHENKO; VORONKO, 2020), blockchain pode proporcionar
meios técnicos para o desenvolvimento de canais de comunicagdo abertos, facilitando o
envolvimento de agentes ¢ compartilhamento de informagoes.

Todavia, ¢ importante considerar que, como apontado por Wang et al. (2019), técnicas e
solugdes baseadas em blockchain ainda estdo numa fase inicial de desenvolvimento e existem
limitagdes técnicas consideraveis como imutabilidade de manutencdo em processos geridos
por codigo, modelos de arquitetura pouco estabelecidos e custos para utilizagdo de redes
blockchain publicas, por exemplo, redes baseadas no protocolo Ethereum, desenvolvido por
Buterin (2014).

No ambito da literatura académica, uma variedade de trabalhos académicos apresenta
potenciais e propostas de aplicagdo da tecnologia blockchain e seus derivados na gestdo de
residuos eletronicos. Pode-se citar o trabalho de Gupta e Bedi (2018), tendo como escopo o
territorio indiano. propondo solugdes baseadas em blockchain para o rastreamento de e-waste
€ mecanismos para incentivar a reciclagem ou descarte adequado.

O trabalho de Sahoo ¢ Halder (2020) apresenta um modelo para sistema para gestdo de e-
waste baseado em blockchain, buscando abranger todo o ciclo de vida de produtos, desde a
fabricagdo até a reciclagem e Damadi ¢ Namjoo (2021) discorre sobre a gestio inteligente de
residuos, usando uma combinagdo de edge computing € blockchain para criar um ambiente
digital onde organizagdes focadas na gestdo de residuos tenham acesso a mecanismos de

incentivo.
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Sob o escopo brasileiro, a aplicagdo da tecnologia blockchain foi explorada em trabalhos
como de Francga et al. (2020) que propde o uso dessa tecnologia para melhorar a gestdo de
residuos em pequenos municipios, Joshi et al. (2023) que identifica desafios de
implementacdo da tecnologia blockchain na gestaio de residuos em paises em
desenvolvimento, como o Brasil e Guzzo et al. (2022) que analisa como projetar politicas
publicas que incentivem a Economia Circular estudando a eficacia do programa brasileiro de

coleta de residuos elétricos e eletronicos.

4. Método

Nessa se¢do, € descrito como as duas analises apresentadas por esse artigo foram elaboradas,
tais analises adotam uma abordagem de analise tedrica, utilizando-se de analise documental e
revisdo de literatura. A andlise documental se concentra no Decreto n°10.240 e a revisdo de
literatura descreve a tecnologia blockchain, desafios da gestdo de lixo eletrénico no Brasil ¢ as

potenciais aplicagdes da tecnologia blockchain no enfrentamento desses desafios.

4.1. Analise relacionando a legislaciio, o cendrio brasileiro e a tecnologia blockchain
Essa analise foi elaborada com a finalidade de resultar numa representagdo visual
considerando trés dominios:
1. requisitos do Decreto n°10.240, sobre a obrigatoriedade de sistemas de logistica
reversa para residuos eletronicos;
2. fatores limitantes presentes na realidade brasileira da gestdo de e-waste, considerando
a literatura apresentada no referencial teodrico; e
3. capacidades que a tecnologia hlockchain pode oferecer, integrando capacidades da
tecnologia exploradas por Franga et al. (2020), Kutsyk et al. (2020) e Petroni et al. (2020)
nos topicos sumarizados por Hooper (2018).
Os itens foram selecionados para essa analise considerando a possibilidade da tecnologia
blockchain prover aplicacdes e solucdes passiveis de atendé-los. A (Tabela 1) apresenta os
itens selecionados para o dominio de fatores limitantes no cenério braseiro e a (2) apresenta

os requisitos do Decreto N°10.240 selecionados.
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Tabela 1 - Fatores limitantes presentes no Brasil relacionados a gestéo e logistica de residuos eletronicos.

Fatores limitantes Referencial bibliografico

Dificuldade em (;stlmar quantias de e-waste (GHOSH et al., 2016)
coletados ou reciclados

Auséncia de ﬁ.scahza(;ao sobre as atividades (DIAS et al., 2018)
de coleta e reciclagem de e-waste

Presenga de um amplo mercado informal de (NETO; SILVA; SANTOS,
produtos eletrdnicos 2019)

Car’enma de programas para gestdo de (SOUZA et al., 2016)
residuos eletrénicos
Falta de incentivos para engajamento de

entidades privadas (ALVES etal., 2021)

Fonte: elaborado pelos autores (2024)

Tabela 2 - Requisitos e conceitos presentes no Decreto n°10.240 que foram selecionados para analise.

Item selecionado  Seciio onde o item é citado

Artigo 6° Capitulo IT - Do objetivo
paragrafo 11 Art. 33% - Obrigacgdes de fabricantes

Paragrafos [ e 11 Art. 34° - Obrigagdes de importador

Paragrafo | Art. 35° - Obrigagdes de distribuidor
Paragrafo 1 Art. 36° - Obrigagdes de comerciante
Artigo 56° Capitulo XV - Avalia¢do ¢ monitoramento do sistema

Fonte: baseado em Brasil (2020)

4.2. Analise SWOT da aplicacao de blockchain na gestao de e-waste

O método SWOT ¢ uma forma de andlise util em areas como administragdo, engenharia,
tecnologia, entre outras. O termo SWOT € um acrénimo em inglés para as quatro dimensoes
consideradas: Forgas, Fraquezas, Oportunidades, Ameagas. Identificar os fatores dentro
dessas quatro dimensoOes visa possibilitar uma visdo mais holistica do contexto observado,
além de ajudar no planejamento estratégico e servir de apoio para a tomada de decisdes
(RENAULT, [s.d.]).

A analise SWOT eclaborada nesse trabalho baseia-se na literatura apresentada na se¢fo de
referéncia tedrico. A alocagdo dos itens dentro das quatro dimensdes da matriz SWOT foi

realizado aplicando a seguinte logica de classificagdo para cada dimensdo:
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e Forcas: capacidades da tecnologia hlockchain que podem gerar valor com sua
aplicagdo sistemas;

* Fraquezas: limitagOes presentes no atual leque de ferramentas e técnicas para
aplicacdo de hlockchain;

* Oportunidades: possibilidades de cocriagio de valor entre agentes envolvidos em
sistemas utilizando-se de capacidades da tecnologia blockchain;

e Ameagas: fatores e riscos externos a serem considerados na adog@o de tecnologia

blockchain.

5. Resultados e discussoes

5.1. Sobre o mapeamento entre fatores limitantes, legislagio e a tecnologia blockchain

A (Figura 1) expde a representagdo visual da andlise que relaciona os fatores limitantes no
Brasil, requisitos vigentes no Decreto n°10.240 e capacidades da tecnologia blockchain.
Observa-se que alguns requisitos presentes no decreto podem ser implementados ou
automatizadas pelo uso de blockchain, por exemplo, a emissdo de relatérios, sendo que a
gestdo de dados de forma descentralizada entre agentes. Observa-se também a possibilidade
do uso dessa tecnologia em solugdes que permitam a melhor quantificagio de matéria-prima
recuperada no processo de reciclagem.

A funcionalidade de quantificagdo de material que pode ser recuperado permitiria estimativas
maior acuricia e menores custos. [sso pode ser um viabilizador para maior colaboragio entre
partes interessadas, como apontado por Dua et al. (2020), maior capacidade preditiva e de
decisdo, como requerida por 6rgdos como a ABDI e adesdo a programas e sistemas de
logistica reversa de residuos eletronicos.

Segundo Ghosh et al. (2016), dados sobre residuos eletronicos sdo frequentemente escassos.
A tecnologia blockchain permite o desenvolvimento de sistemas de informagdo distribuidos,
considerando que agentes poderia armazenar e acessar dados dentro de uma rede blockchain
sem depender de intermediarios. Junto a isso, pode-se viabilizar programas de incentivos por
meio de fokens e agdes de controle mais eficientes, corroborando para mitigar os problemas
presentes no cenario brasileiro descritos por Souza et al. (2016) e Alves et al. (2021).
Considerando a adogdo de uma rede blockchain de acesso aberto, pode-se pensar no
desenvolvimento de sistemas e protocolos padronizados e mais acessiveis, facilitando que
agentes possam colaborar mutuamente, como também meios de incentivo para que agentes

ndo governamentais busquem estar em acordo com a legislagdo vigente.
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Figura 1 - Analise de relagdes entre requisitos da legislagdo, fatores limitantes no cenario brasileiro e a tecnologia blockchain. No lado
esquerdo sao apresentados os resquisitos, no lado direito, os fatores limitantes segunda a literatura e ao centro, estdo resumidos as
capacidades da tecnologia blockchain, usando como base em cinco topicos sumarizados a partir de Franga et al. (2020), Hooper (2018),
Kutsyk et al. (2020) e Petroni et al. (2020).

I Politica Nacional de Residuos Sélidos P2 Capacidades da = = Problemas presentes na
f Decreto n° 10.240 : tecnologia blockchain® : gestao de e-waste no Brasil
- {Capitulo 11 - Do objeto ' Autenticidade e seguranca - { Amplo mercado informal de produtos ] AAAAAAAAAAAAAA
Art. 6° A logistica reversa dos produtos eletroeletrénicos Blockchain permite a autenticidade e Presenca de um amplo mercado informal de produtos
podera ser disciplinada contratualmente entre agentes i integridade dos dados devido a H 1 eletronicos (NETO; SILVA; SANTOS, 2019).
comerciais envolvidos. H criptografia e imutabilidade de H
transagoes.

{Auséncia de fiscalizagdo publica ] ..............

computacional, aumentando a eficiéncia
ereduzindo custos.

: : :
| ; s
& {An' SR masDes dealkicants J 5 . ....... -t i Auséncia de fiscalizacdo sobre as atividades de coletae |
i §11-informar os critérios objetivos para a realizacdo do ) : - 1 reciclagem de residuos eletronicos (DIASetal, 2018).
i célculo do balango de massa de produtos eletronicos. ! z_e';d_“”""ga ‘::;‘0‘08'3 d_et'alaf ~ ' ' :
. ’ istribuida, le-se registrar transacoes s H
H i edados de forma idéntica em varios - {Carénda de programas de gestio ] .............. Y]
: ! locais. : : H
+{ Art. 34° - Obrigagdes de importador ~ [----------- ! : : énci 3 i ;
{ = et ] ) Caréncia de programas para gestao de residuos H
' . . S : eletronicos (DE SOUZA et al., 2016). |
i §1-participar dum sistema de logistica reversa como ' " bilidad H
E requisito para a importacao e comercializagao dos T Melhor rastreabil e feeeeee : '
i produtos eletroeletrénicos. : H H H
: ’ i Blockchain permite um histérico de ! - {Falta de incentivos de engajamento ] .............. .
i §11-constar o responsével pelo sistema de logistica Os requisitos | transacdes sobre ativos em cadaetapa | o¢problemas - - - . :
! reversa adotado na Declaracio de Importacio. da legislacio : g;z:z:g:l, Isto garante a consisténcia de : presentes no ;::i::;?:fcg;:i Zlar;g;\%a]amemo de entidades :
H H 3 H Py v Ly . i
' ' cendrio |
H lemser | H Gt )} :
: p?d das ! i brasileiro | H
{ Art. 35° - Obrigacses de distribuidor ] : | podemser | :
: { = r- Reduciodecustos Lo - mitigados - {Diﬁculdade na geracio de dados ] ______________ i
! §1-incentivar a ades3o s entidades gestoras ou 3 H | H
participacio individual ao sistema de logistica reversa. | Blockchain permite a automacao de ' i Dificuldade em estimar quantias de residuos eletrénicos |
: i processos por meio de codigo H 1 coletados ou reciclados (GHOSH et al., 2016). |
.

—[Art. 36° - Obrigacdes de comerciante ] -----------

§ Il - Manejar os produtos eletroeletronicos descartados
pelos ¢ idores nos pontos de recebi

- Maior eficiéncia e velocidade

Blockchain pode ser aplicada para
acelerar processos de rastreio, validacao
e analise de ativos e transacoes.

Art. 56° - A avaliacao e o monitoramento do sistema de

logistica reversa serao realizados por meio de dados, * baseado em Francas et. al (2020), Hooper (2018),
Kutsyk et al. (2020) e Petroni et al. (2020)

informacoes, relatérios, estudos ou outros instrumentos
equivalentes.

:L { Capitulo XV - Aval. e monit. do sistema ] -

Fontes: elaborado pelos autores (2024)



) N

enegep

XLIV ENCONTRO NACIONAL DE ENGENHARIA DEPRODUGCAO
“"Reindustrializacao no Brasil"
Porto Alegre, Rio Grande do Sul, Brasil, 22 a 25 de outubro de 2024.

5.2. Sobre a analise SWOT da aplicacio da tecnologia blockchain na gestao de e-waste

A (Figura 2) apresenta a matriz SWOT resultante da andlise realizada. A adogdo da tecnologia
blockchain apresenta um leque de fatores positivos, acompanhados de riscos a serem
considerados. A tecnologia pode viabilizar redes para agentes envolvidos no processo de
gestdo do lixo eletronico pode vir a facilitar interagdes comerciais. Como apontado por Anand
e Chauhan (2020),a tecnologia blockchain para possibilita o consenso sem a necessidade da
posse de tais dados por uma entidade centralizada. A criagdo um ecossistema colaborativo
tem o potencial de promover a inovagao e a eficiéncia, em comparagdo a proposta de sistemas
“tradicionais”.

Todavia, como apontado por Wang et al. (2019), técnicas e solu¢des baseadas em blockchain
ainda estdo numa fase inicial de desenvolvimento e existem limitagdes técnicas consideraveis,
por exemplo, poucas funcionalidades de integracdo com sistemas de informagdes, poucas
boas-praticas de seguranga comprovadas e limita¢des técnicas em automagdes geridas por

codigo.

Figura 2 - Analise SWOT sobre a aplicagao da tecnologia blockchain para
solugdes de gestao de residuos eletronicos, sob o contexto brasileiro.

[ Fatores positivos J [ Fatores negativos ]
(G =
& Forgas @ Fraquezas
P * Automatizar processos digitalizados, « Barreira de aceitacao ou apoio das
g aumentando a eficiéncia do sistema. partes envolvidas.
-
3 * Possibilitar sistemas de logistica * Caréncia de arquiteturas e padroes
£ || reversamais transparente e comprovados.
"3 democratizados.
E * Custos elevados para desenvolvimento
8 * Viabilizar mecanismos de solugdes duradouras.
u“: descentralizados para rastreabilidade de
residuos. * Introducao de conceitos e técnicas
ainda pouco difundidos.
—
e
Q- Oportunidades A Ameagas
" * Apoio a pesquisa e desenvolvimento * Ameacas de seguranca cibernética
g tecnolégico no setor de reciclagem impactam severamente redes
=t blockchain.
3 * Criagao de canais de conscientizacao
5 da sociedade civil. © Caréncia de mdo-de-obra
0 especializada.
E * Criagdo de incentivos em formatos
3 digitais, como criptoativos e tokens. * Ferramentas de desenvolvimento
I ainda em fase embrionaria.
w = 3 o,
* Formagao de parcerias piblico-
privadas com maior confianca entre * Risco de vulnerabilidades para acoes e
partes envolvidas. decises mal-intencionadas.
)

Fonte: elaborado pelos autores (2024).
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6. Conclusoes

Com o desenvolvimento tecnologico acelerado, lidar com residuos eletronicos implica em
desafios de possibilitara coleta e reciclagem, a fim de mitigar impactos ambientais,
econdmicos e sociais.

Esse artigo analisou de fatores estratégicos para a aplicacdo da tecnologia blockchain para
sistemas de logistica reversa de residuos eletronicos, considerando o contexto brasileiro e a
legislacdo aplicada, especificamente o Decreto n°10.240, sobre a implantacao de sistemas de
logisticas reversas para residuos eletronicos. A (Figura 1) apresenta uma analise relacionando
fatores limitantes presentes no Brasil, exigéncias na legislacdo e as capacidades da tecnologia
blockchain passiveis de possibilitarem solugdes e adequacgdes e a (Figura 2) uma analise
SWOT sobre a aplicagdo da tecnologia blockchain para projetos de sistemas de logistica
reversa de residuos eletronicos.

Dado os resultados, ¢ possivel afirmar que a aplicacdo da tecnologia blockchain na coleta ¢
reciclagem de residuos eletronicos pode trazer diversos beneficios e inovagoes para a cadeia
de valor, desde os fabricantes, passando por consumidores, até os centros de reciclagem,
viabilizando solu¢des de rastreabilidade, confiabilidade, eficiéncia, inclusdo social ¢
sustentabilidade.

Todavia, ¢ importante considerar os desafios ¢ as limitagdes da tecnologia, como a caréncia
de médo de obra especializada e riscos de grande impacto relacionados a seguranga cibernética.
Junto a isso, € importante considerar que, para que propostas sejam bem-sucessivas,
conscientizagdo ¢ interesse conjunto dos diversos agentes envolvidos ¢ fundamental

Esse trabalho nio busca esgotar o tema e apresenta algumas limitagdes. Toda analise baseada
em literatura é influenciada por vieses dos realizadores ¢ da amostra de literatura selecionada.
Além disso, esse trabalho ndo aborda questdes técnicas para o desenvolvimento e
implementagdo de tecnologias de razdo distribuida, as quais desafios e restritivos a depender
das ferramentas adotadas e questdes relacionadas a seguranga cibernética na aplicacio dessa
tecnologia ndo foram abordadas.

Por fim, dado os resultados e lacunas encontradas por esse trabalho, estudos futuros podem
abordar a aplicagdo da tecnologia blockchain sob o contexto técnico, meios de capacitacdo de
mao-de-obra, formas de engajamento de organizac¢des para reconhecerem os potenciais dessa
tecnologia, validacdo e praticas para seguranga da informagdo em redes blockchain e métodos

para criacdo de ambientes regulatorios baseados nessa tecnologia.
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Decentralized Autonomous Organization for Circular Economy: A

proof of concept in the e-waste recycling process

Abstract

Circular economy business models many times requires some desired features as
network governance, stakeholders empowerment, and regulation and transparence to
government and society. In this paper, we discuss the feasibility of Decentralized
Autonomous Organization (DAQO) based in blockchain to achieve this features in the
particular context of electronic waste recycling circle. We conduct a proof-of-concept
(PoC) of a DAO, codified in smart contracts, to evaluate the technological feasibility
and some operational characteristics of Ethereum blockchain network. The results
shown that some features as traceability, process automation, roles and rules definition,
and token-based payments and credits are viable and has the potential to achieve the
desired features to create innovative circular business models, although the specific case
limitation of the PoC. The results also shown that transactions costs of the public
Ethereum network can turn economically unviable small-scale recycling business

models or low-value-added waste other than e-waste.

Keywords: Blockchain, Electronic waste, Ethereum, Recycling, Smart contract, Solid

waste

1. Introduction

Circular Economy (CE) is pointed out as a way to treat waste generation, transitioning from
a linear economy to a circular model (Halog and Anieke, 2021), and a way to promote economic
efficiency. In this sense, many countries adopt policies and/or regulations for a circular economy,
including taxation rules and government funding and incentives (Assmann et al., 2023). Wasserbaur
et al. (2022) considerer that a successful transition to a circular economy should occur both from
government policies — a top-down perspective — as from the business models (BM) constitution by

innovators, in a bottom-up perspective.

A top-down view of CE sees the government as a regulator and promoter (Hartley et al.,
2023). Conversely, the business model perspective of CE is bottom-up, creating value at the micro-
level (Liideke-Freund et al., 2019). Cramer (2022) argues that successful top-down CE initiatives

require bottom-up efforts from industry, startups, and communities, facilitated through stakeholder
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collaboration and network governance. The idea of network governance allied with circular
business models (CBM) is the starting point of our research. In this sense, two principles of network
governance for CE presented by Cramer (2022) are considered: 1) New circular business models
should benefit all network partners. 2) Transparent division of labor among the relevant actors is

indispensable.

Korhonen (2020) associates the concept of self-organization to network governance,
considering CE systems as a kind of complex adaptative system consisting of physical flows of
materials and energy and the actors, organizations, and communities interacting with them; in this
type of context, self-organization is a common characteristic. According to Braz and Mello (2022),

the self-organization property is pointed out as an emerging property of CE network management.

In the context of Municipal Solid Waste Management (MSWM), Fidelis et al. (2023)point
the importance of the empowerment of stakeholders, in particular those in vulnerable social
conditions, like scavengers, and general socio-production inclusion. The problem of vulnerable
social conditions and low-income people involved with MSWM is also pointed out by Franca et
al.(2020). Ziegler et al. (2023) discuss the relations between CE and cooperatives, point out the
emergency of alternative conceptions of the economy and the inclusion of the more marginalized or
invisible stakeholders, and detach the importance of democratic and participatory governance,

autonomy and independence, and rules for the distribution of profit.

In this sense, we can establish the high-level context of our research problem: the bottom-up
perspective of CBM, which involves network governance with self-organization and rule definition;
stakeholders’ empowerment, with the inclusion of the most vulnerable and fair distribution of labor
and profit; cooperation, innovation, and free initiative from industry, startups, cooperatives, and the
community to define the circular business models (CBM). This context shall coexist with the top-
down perspective of governance, with regulations and taxes, so transparency is necessary. The

Figure 1 shows the pillars of our research.
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Figure 1. Theoretical pillars of the present research context and its supported literature: Expected

features of a CBM.

By other hand, with the rising of Bitcoin and other crypto-currencies, many innovations
rising due its basic technology: the Blockchain as, for example, Decentralized Finance (DeFi).
Unlike traditional finance, controlled by governments, DeFi operates without a central authority,
through network governance. In the same way as DeFi, the concept of a decentralized autonomous
organization (DAQO) emerges, powered by blockchain technology. A DAO can be understood as a
set of people or organizations interacting with each other, aligned around common goals, and
responsible for managing and maintaining the organization. The business logic, agreements, and
consensus between those involved are based on rules specified in open-source smart contracts
(Anand and Chauhan, 2020; Schirrmacher et al., 2021). Organizations of this nature can enable
network governance through a decentralized consensus mechanism (Lin et al., 2023), which also
allows for more democratic and transparent governance without the need for a central decision-

making agent (Anand and Chauhan, 2020).
In a broad sense, the research question (RQ) is:

RQ: Can a DAO offer the expected features for the creation of circular business models in

accordance with the research pillars presented in Figure 1?

As a scope limitation, our research considers only the recycle circle of the CE, applied to

electrical and electronic waste. That choice is due to:

1. Its economic relevance worldwide (Nithya et al., 2021; Shittu et al., 2021);
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2. The intrinsic value of e-waste by mass unit, its complexity of materials, components, and
disassembling, and its environmental impact and risks, including hazardous materials
(Abdelbasir et al., 2018; Omondi et al., 2022);

3. The stakeholders have well-defined roles in the recycling process(Liu et al., 2022).

The objective of this paper is: 1) to discuss the possibility of a DAO to achieve the expected
features of circular business models, in accordance with the research pillars; 2) to evaluate the
technological feasibility of utilizing a DAO structure based on the Ethereum blockchain network to

implement an experimental case of an e-waste recycling process.

As research method, we implement an experimental DAO structure under Ethereum
blockchain, with smart contracts to define the information structure of stakeholders and business

rules, as a proof-of-concept (PoC).

This paper is organized as follows: The Background section presents the fundamentals of the
applied technologies and DAO concepts, as well as a review of related works. The Method section
presents the two parts of the research method: the former describes the experimental business case
of a hypothetical e-waste recycling process, and the latter describes the proof-of-concept (PoC) of
the technological solution. The Results present the software artifacts that compose the DAO PoC
and its implementation aspects. The Discussion evaluates the DAO applicability related to CBM

from both theoretical and practical results.

2. Background

2.1Blockchain and Smart Contracts

A blockchain network is a distributed ledger database maintained independently by each
member across a vast network, without a central authority to distribute records. Each node keeps a
copy of the ledger independently updating and ensuring consistency(Panwar and Bhatnagar,
2020).Blockchain uses cryptography for security, generating hash codes for each transaction
(PETRONI et al. 2020). As noted by Mougayar (2017), the hash code (symbol #) serves as a unique

digital fingerprint, verifying the integrity of information without direct analysis.

Blockchain technology allows transactions to be permanently recorded in a manner that
cannot be erased later; updates are made sequentially, maintaining a continuous and indelible

historical trail and assuring traceability (Mougayar, 2017; Petroni et al. 2020).
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Originally designed for storing cryptocurrency transactions, blockchain can also store
contracts. A confract is a document that formalizes an agreement between parties to acquire,
protect, transfer, modify, preserve, or extinguish rights and assets. Digital contracts face challenges
in ensuring immutability and controlling changes, which blockchain can address(Petroni et al.,

2020).

Contracts on a blockchain network are called Smart Contracts, which are computer
programs running on a blockchain with self-verifying, self-executing, and tamper-resistant
properties, enabling business rules and automations (Mohanta et al., 2018). They are created and
executed via programming code that defines business rules and entities, such as a customer
registration or sales operations, often using the Solidity language. According to Andoni et al.,

(2019), smart contracts can enable new business solutions.
As pointed out by Rouhani et al.(2018), a blockchain network can be:

a) Public: initially permission less, as seen in Bitcoin’s model, where nodes are untrusted.
Users with anonymous identities can join, input transactions, and participate in the
consensus process.

b) Private: Similar to public blockchain, but with an additional membership layer to
authenticate and authorize users, who may have different levels of access to send, read

transactions, or participate in consensus.

Beyond Bitcoin's platform, various blockchain platforms have emerged, with Ethereum
(Buterin, 2014) being one of the most prominent. Ethereum features a native cryptocurrency called
Ether (ETH)and can be used to build end-to-end systems for unexplored business models (Saraf and
Sabadra, 2018). However, operating on Ethereum incurs a cost, known as a “gas fee,” paid in gwei

(1 gwei = 10 ETH, required for both developing and executing smart contracts (Koutmos, 2023).
To the aim of this research, some characteristics of smart contract can be pointed:

a) Intrinsic network organization of the blockchain;

b) Historical record with transparency, consistence and legal value;

¢) Data storage of business rules, business entities and business transactions
d) Intrinsic payment or credits system (blockchain primary function)

e) Open platform to new business model creation
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2.2Decentralized Autonomous Organization

DAOs are blockchain-native organizations with collective ownership, managed by members
via smart contracts (Bellavitis et al., 2023). These self-executing contracts operate based on
predefined business rules, eliminating the need for third-party oversight or central control (Wang et
al., 2019; Anand and Chauhan, 2020). Singh and Kim (2019) highlight that DAOs offer greater
transparency through automated rule agreements defined in code without human intervention. As a
technological structure, a DAO utilizes smart contracts executed automatically on the blockchain
network, which encode the rules and the decision-making process, creating a structure with

decentralized control(Wright, 2023).

According to Altaleb and Zoltan(2022), a DAO is fully democratized through a voting
system, on which the members can propose, vote, and promulgate changes to the rules. The
automation of the voting system can implement the results without the presence of a coordinator or
third party. The offered services are managed automatically and decentralized, with transparency

and full public activity.

To Saurabh et al. (2023), a DAO leverages its blockchain network’s functionalities to
establish innovative business models for creating, delivering, and capturing value.By redefining
organizational management, DAOs have applications in contexts requiring collaboration, trust, and
transparency (Anand and Chauhan, 2020). However, despite their potential, significant limitations
and challenges remain, including improved data authentication, ensuring network interoperability,

and broader adoption of the technologies involved (Baralla et al., 2023; Shojaei et al., 2021).

Figure 2 illustrates a DAQ's structure compared to traditional organizations. Traditional
organizations have a hierarchical structure where participants use information systems, like ERP,
with an operational front-end and hard-coded business rules and entities (users, clients, products,
sales, etc.) stored in a centralized database. In contrast, a DAO operates on a non-hierarchical, peer-
to-peer network. Its front-end includes decision-making through voting, contracts and agreements,
payment and credit systems using DAO tokens (or primary blockchain tokens like Ether), and

transparent access to historical data and metrics..
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Figure 2.Comparison of a DAO and a conventional organizations and respective systems.

2.3Related works

A search'relating DAO with a broad term in CE context returns zero results at Web of
Science and only one article at Scopus. Although a zero return is not, per se, evidence of novelty, if
the sets of terms have no sense to be intersected, our research intent is to show that join DAO and

CE make sense and it is a novelty in scholar literature.

Shrivastava et al. (2019) uniquely link DAO and waste management in Scopus, proposing
an automated system using blockchain and IoT to detect waste in garbage cans and communicate

with collection trucks. The proposal involves an agreement between the consumer and the network

!'Search string: “decentralized autonomous organization” AND (“circular economy” OR
“waste management” OR “recycl*” OR “reverse logistic*”)
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via smart contracts, but the agreement's specifics are not detailed. Although the paper mentions
DAOs, it does not explore their characteristics. Although the concept of DAQO has been little
explored by scholars, there are many papers relating other blockchain application and technology to
CE and related terms. Carlos et al. (2024) evaluate the strategic potential of digital technologies to
enhance CE, detaching three: the Internet of Things, big data, and blockchain. Blockchain is also
pointed out by Sanchez-Garcia et al. (2024) as an enabling technology for CE to ensure

transparency and traceability.

Blockchain technology can help promote a more sustainable and socially responsible
economy. By decentralizing processes, reducing costs, and improving security, blockchain can
contribute to the circular economy, where resources are reused and waste is minimized (Upadhyay

et al.,2021).

Wu et al. (2018) propose the use of blockchain to establish a credit exchange system in the
circular economy, with a model and PoC of the system. However, the study does not clearly explain

the fundamentals applied in the context of the circular economy.

In general, blockchain applications have shown promise for logistics optimization and
management (Feng et al., 2019). As such, a blockchain network can enable organizations by
facilitating transactions between agents (Buterin, 2014) as well as allowing the transparency of

reliable data for the agents involved (Alexandris et al., 2018).

In e-waste management, Poongodi et al. (2020) propose using blockchain and 5G
technology to ensure transparency, traceability, and integrity throughout the product's life cycle to
the recycling center. They mention promoting proper disposal but do not detail the method. Gupta
and Bedi (2018) suggest a blockchain system for tracking e-waste and incentivizing proper disposal
through smart contract rules and penalties. Both articles involve the same stakeholders and life
cycle: producer, retailer, consumer, collection center, and recycling center. Sahoo(2020) presents a
system for e-waste management based on blockchain capable of covering the entire product life
cycle, from manufacturing to recycling. Damadi (2021) covers the topic of intelligent waste
management, using a combination of edge computing and blockchain to create an environment

where waste management companies have access to incentive mechanisms.

Franca et al. (2020) propose using blockchain to create a social cryptocurrency to compensate solid
waste collectors in a small Brazilian municipality. While this approach offers social, environmental,
and public health benefits, it remains centralized, with control by the municipality in a top-down
structure. Additionally, it lacks traceability for the waste, which is recovered for recycling by

weight.
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3. Method

Our research method involves implementing an experimental DAO in two parts: First, we
describe a business case for e-waste recycling, with limited features and stakeholders representing

the real recycling process.

Second, we present a proof-of-concept (PoC) software application that demonstrates the
DAOQ's technological feasibility, including features, stakeholder actions, data, and smart contract

structures.

E-waste, with its complex component structure, materials, disassembly process, and
environmental impact (especially heavy metals), suggests that the data structure could also apply to

other waste types.
3.1. Experimental business case

The experimental business case involving well-defined roles, representing the different
process stakeholders; a recycling process with its respective activities; the e-waste characterization;
all these elements have an informational structure. The business case CE process is represented in
Figure 3. The process stakeholders are based on Liu et al. (2022), Franga et al.(2020), and Fidelis et
al.(2023):

a) Consumer discards end-of-use electric or electronic equipment, i.e., the e-waste generator.

b) Collector collects the e-waste and takes it to the recycling unit.

¢) Manufacturer is responsible for informing the product structure of components and materials
(the product tree) that generates e-waste at the end of its life.

d) Recyclers receive the e-waste, disassemble, separate components, and recycle materials. It
can be a recycling cooperative, for example.

e) Observer represents a governmental and/or social stakeholder concerned with process

transparency and policy compliance.
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The business case process activities and business rules are described below. The circular

process of managing electrical or electronic waste is done by:

1. Manufacturer: Provides information about the product's components and materials,
including disassembly instructions and warnings about hazardous substances.

2. Consumer: Disposes of the product at the end of its useful life.

3. Collector: Ensures that the waste is delivered to a recycling center.

4. Recycler: Disassembles the product, extracts recyclable materials, and sells them to

manufacturers, closing the circle.

According to Liu et al. (2022), there may be different players in these operations,

specialized in specific components or material extraction and commercialization.

The business case rules require the Recycler to report the list and quantity of extracted
materials, matching the product tree’s material list provided by the Manufacturer (same material ID
and quantity). These rules ensure that recovered materials are reintegrated into the economy rather
than ending up in landfills. Consistent recycled materials can meet top-down regulations, provide
indelible records for Observers, and qualify for environmental credits. The business case requires
some critical information management aspects, pointed out by Dua et al. (2020): information
transparency of collection channels, waste traceability, waste disposal, and recovery with
recognized and proven accounting. Dua et al. (2020) and Shahabuddin et al. (2023) add that
incentive methods for disposal are often inefficient due to accounting difficulties and a lack of

transparency in the conventional methods adopted.
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The Recycler is also responsible for assigning credits to the stakeholders: for the
Manufacturer, crediting him for fulfilling the end-of-life of his product through the traceability of
the product ID; for the Consumer, crediting him for sustainable consumption practices; and for the
Collector, crediting him for the job. In this case, the credit to the Collector can be in the form of a

cryptocurrency, as proposed by Franca et al. (2020), since it is an intrinsic functionality of a DAO.

All transactions must be publicly visible and recorded on the blockchain, especially those
related to legal or tax matters like credits to manufacturers or collectors. These records need to be
permanent and compliant with government regulations. By the end, our business case considers e-
waste. E-waste is technological equipment that has reached the end of its functional life cycle, is
obsolete, or is damaged beyond repair (WHO, 2023). The management of e-waste implies
significant sustainability challenges, highlighting the need for effective disposal practices to
mitigate environmental, economic, and social impacts (Dasaklis et al., 2020; Needhidasan et al.,

2014; Sahoo and Halder, 2020).

We adopted a simple e-waste information structure composed only by products and its
related materials. However, a more complex information structure could be defined using a
hierarchical and multi-level structure, based on ISO 10303, also known as the Standard for the

Exchange of Product Model Data (STEP) and data storage in Extensible Markup Language (XML).

3.2. The DAQ Proof-of-Concept

The proof-of-concept (PoC) utilizes an arrangement of software applications to implement
and test the Smart Contracts structure that composes some core elements of the DAO that are

present in the business case.

The blockchain protocol selected was Ethereum, given its widespread use and maturity in
terms of storage capacity and distributed computing. The smart contracts with the necessary
functionalities were developed using the Remix IDE tool, version 0.38.1, written in the Solidity
programming language, the main language supported by the Ethereum blockchain networks,

adopting version 0.8.19 of the compiler.

Table 1 summarizes the functionality of the six smart contracts, and Fig. 4 shows more

details of the contracts, such as defined types (structs), state variables, events, and functions.
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Tablel.Smart contracts developed.

Smart contracts Features

Stores and controls records of registered electronic
Products

products.

Stores and controls the records of organizations
Stakeholders )

and people registered on the network.

) Stores and controls the balance of stakeholder

Credits )

credits.

) Stores and controls disposal records and the

Disposal o )

quantities of each product disposed of.

) Stores and controls the composition records of

Materials ]

registered products.

Carries out the scripted proof-of-concept
DAO-PoC

procedure and stores data on the steps taken.




[ Credits [ [ Disposals [ Materials () Products | [ [ stakeholders
State variables Structs Structs Structs Structs
o credits : mapping * Disposal * Material * Product * Stakeholder
Events State variables State variables State variables State variables
* OnGiveCredit « disposals : mapping o index : uint32 « index : uint32 o index ; uint32
Aunciions * quantities : mapping o materials : mapping « products : mapping | | « stakeholders : mapping
. * materials_of : mapping
* getCreditOf Events Events Events
o giveCreditTo * OnDispose Events * OnAddProduct * OnAddStakeholder
* OnAddMaterial
Functions Functions Functions
« dispose Functions | » addProduct ) | * addStakeholder
| * getQuantityOf )| addMaterialOf
* getMaterial
| * getMaterialsOf
.
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Structs

* Material

State variables

* manufacturer_id : uint32

o recycler_id : mapping

* product_id : mapping

» disposed_device_id : mapping
* amount_of _credits : uint16

* amount_of_disposed_devices :
« product_materials : Material[ )

Functions
| ® run

J

Figure 4.Smart contract structure, representing the involved business entities. The DAO-PoC is a

meta-entity, i.e., it has no real-world significance; it is used only as an operational interface.

The script for the simulation procedure used as a validation method is executed using the
"run" function in the "DAO-PoC" smart contract. Figure 5 describes the stages of the validation
routine and shows a sequence diagram of this procedure. To represent it, we use the UML sequence
diagram, which is an international standard for software development (Booch et al., 2005).
Highlights include steps 1 to 6, which emit traceable events that can be processed by external

systems and other testing tools outside the blockchain ecosystem.
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Figure 5. Proof-ofConcept flow diagram.

4. Proof of concept results

The results show the execution of the main program DAO-PoC, which sequentially calls the
functionalities present in the subordinate contracts, as shown in the sequence diagram in Fig. 5.
After executing the run function contained in the DAO-PoC contract, the check of the data
registered and stored in the smart contracts is shown in Figure 6. Some values from the material
data structure are presented: toxicity, name, weight. The results shown the traceability property,
linking the disposed device with the correspondent manufacturer, recovered material and the

recycler.
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Figure 6. Print of the interface of the Remix IDE tool used for coding, compiling,
publishing and executing the functionalities present in smart contracts. The values

stored in smart contracts are the values in white color.

Table 2 lists the costs for publishing new contracts and the costs for each step of the
experiment. "Gas unit" is the name for the unit of measurement used for transaction costs on

Ethereum. It has nothing to do with fuel gas.

Table 2. Computational cost for publishing smart contracts and computational
cost for processing each stage of the experiment on the private Ethreum network.
used in the experiment. Considering a gas price of 57 gwei and an ETH/USD
conversion factor of 3536.40.March 4, 2024 prices.

Smart contract Cost (Ethereum gas
cost(USDS)
Publishing cost units)
Credits 246,056 gas 49.60
Disposals 349,810 gas 70.51
Materials 800,935 gas 161.44
Products 536,832 gas 108.21
Stakeholders 524,214 gas 105.67
Cost (Ethereum gas
Operation processing cost cost(USDS$)
units)
Add manufacturer 98,703 gas 19.90

Add recycler 98,751 gas 19.91
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Register product 100.152 20.19
Register product composition 144.199 29.07
Records the disposal of a product 71,078 14.33
Offer of incentive credits 46.239 932
Gets the number of discarded units
of a product : 0.00
Gets the list of materials for a

0 0.00

discarded product

5. Discussion

The schema of our results discussion is shown in Figure 7. Considering the bottom-up
perspective of CBM, represented in the pillars of our research: 1) Network governance; 2)
stakeholders’ empowerment; 3) CBM creation and innovation; also, attendance at top-down
regulations and flow of information to government and society. It is possible to evaluate the

following:
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Figure 7. DAO properties to achieve CBM expected features defined in Fig.1



Our results indicate that a DAO supports network governance through its inherent
decentralization and self-organization via smart contract automation. This is consistent with the
literature (Anand and Chauhan, 2020; Bellavitis et al., 2023; Singh and Kim, 2019; Wang et al.,
2019) and our PoC's Run function. Additionally, our PoC defined roles and rules, some of which
align with those presented by Poongodi et al. (2020) and Gupta and Bedi (2018), all codified in
Smart Contracts. Stakeholder empowerment is a DAO feature where all participants can vote on
roles or agreements and establish payment or credit systems, as noted by Franca et al. (2020). This
theoretically benefits vulnerable stakeholders like scavengers. While our PoC includes a credit
system, these effects cannot be confirmed without real-world application with actual participants.
The literature discusses circular business models based on blockchain, as outlined in Section 2.3,
but none explore DAOs. Our research is unique in this regard. While creating a full circular
business model is beyond our PoC’s scope, some technical features were implemented in the
business case. Our findings highlight DAO characteristics of information transparency, consistency,
and integrity, with potential legal value, as noted by Petroni et al. (2020). This supports compliance
with government policies, regulations, and societal expectations for environmental practices. The
PoC demonstrated the recording of all transactions within the private blockchain’s experimental

setup. On a practical level, the functionalities of the DAO structure tested in the PoC showed:

a) The feasibility of quantifying material that can be recovered corroborated by stakeholders
and with transparency for observers, attesting to compliance with regulations, or generating
credits. The established business rule and information structure of the product make it
possible to match the material recovered by the recycler with the material described by the
manufacturer. This can be an enabler for greater collaboration between stakeholders, as
pointed out by Dua (2020), democratization of waste management, and reverse logistics,
given the decentralized capacity that a DAO can possess, as pointed out by Anand and
Chauhan (2020) and Lin et al.(2023).

b) The automatic execution of smart contracts in the decentralized structure assures traceability
in the interactions between actors, as product with its manufacturer or disposal with
recycler. It can facilitate commercial interactions, and, as pointed out by Anand and
Chauhan (2020).

c) The feasibility of generating credit for players with transparency and integrity of
transactions using tokens from the Ethereum network, opens up possibility to support social
currency systems, extending the solution proposed by Franga et al.(2020) or the generation

and exchange of fungible credits, as proposed by Wu et al.(2018).
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One practical result refers to the estimated transaction cost on the public blockchain network
due to the gas tax. This result contradicts that stated by Upadhyay et al.(2021) for blockchain
application The circular process of managing electrical or electronic waste is done by:s in EC,
Another consequence is the possibility of “gas cost” making small-scale recycling business models

or low-value-added waste other than e-waste economically unviable.

We also observed a technical limitation related to the immutability of smart contracts. Once
they have been published on the network, the software architecture, error corrections, or updating

requirements become more complex than with traditional information systems or databases.

6. Conclusions

Considering the general research question: can a DAO offer the operational and
informational structure for the creation of circular business models in accordance with the research
pillars presented in Fig. 1? Our research indicates that blockchain features can support circular
business models, and since a DAO is blockchain-based, it can utilize these features. Additionally, a
DAOQO offers decentralization, network governance, and stakeholder empowerment. The PoC
demonstrates that, within its scope and experimental limits, features such as transparent waste
disposal and material recovery records, self-organization via smart contracts, and credit systems are

technically viable.

The paper objectives were achieved since we can trace the DAO properties to the expected
CBM characteristics, as shown in Fig. 7, either through theoretical correspondence with the
literature or through the experimental results of the PoC. In this sense, the main contribution of this
research is to show the potential of a DAO for bottom-up circular business models and with regard

to top-down regulations and policies.

Perhaps because our research focused only on the e-waste recycling process, we did not find
anything that would prevent its application to other types of waste, as long as they could be

identifiable with a unique ID, with some reservations regarding the blockchain transaction costs.

Limitations of this research include the PoC being conducted under experimental conditions
with simulated stakeholder actions, so real stakeholder perceptions and behaviors cannot be
assessed. While our proposal is unique for DAOs in the CE context, the blockchain literature
reviewed was not exhaustive, limiting comparisons of our proposal’s functionalities with others. In
future studies, we propose the construction of a DAO prototype for a real CBM to evaluate the

stakeholder’s actions and social and business interactions.
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