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Abstract 
Emerging energy economies face the twin imperative of expanding affordable energy access 
while rapidly lowering industrial emissions. This paper proposes a conceptual framework for 
sustainable chemical engineering practices tailored to such contexts, integrating systems 
thinking, circularity, and just-transition principles across design, operation, and end-of-life. The 
framework couples techno-economic analysis with life-cycle assessment, cumulative exergy 
demand, and risk-informed decision making to prioritize options that deliver climate, economic, 
and social co-benefits. At its core is a three-layer architecture. The process layer emphasizes 
electrification of unit operations, heat integration via pinch analysis, solvent and catalyst 
selection using green chemistry metrics, and modular, intensified equipment that reduces 
footprints and enables distributed manufacturing. The resource layer optimizes renewable 
feedstocks and utilities through water-energy-food nexus accounting, valorizes by-products 
through industrial symbiosis, and embeds circular logistics for materials recovery and reuse. 
The governance layer aligns incentives with performance-based regulation, sustainability-
linked finance, and local content strategies that avoid technological lock-in. Digital enablers 
hybrid first-principles and data-driven models, soft sensors, and AI-assisted control support 
real-time optimization under grid variability and supply uncertainty. Equity is embedded by 
measuring distributional effects on workers and communities, co-designing with SMEs, and 
ensuring fair access to benefits and burdens. Implementation follows a stage-gate roadmap: 
opportunity framing; multi-criteria screening; detailed design with uncertainty quantification; 
pilot and scale-up with learning curves; and continuous improvement using audited KPIs. 
Transferable archetypes demonstrate applicability: renewable-hydrogen synthesis of ammonia 
and methanol with carbon utilization; biomethane upgrading and local combined heat and 
power; low-temperature heat valorization with heat pumps; alkaline waste mineralization for 
permanent carbon storage; and brine management that recovers critical minerals. Each 
archetype is stress-tested against supply-chain fragility, policy shifts, and climate hazards using 
scenarios and probabilistic risk assessment. Outcome metrics include global warming potential, 
water intensity, circularity index, levelized cost, exergy efficiency, and just-transition 
indicators. By uniting rigorous engineering with contextual policy and finance levers, the 
framework enables emerging energy economies to leapfrog to cleaner industrialization, de-risk 
private investment, and meet SDG-aligned development goals. It provides a practical blueprint 
for aligning infrastructure pipelines with net-zero trajectories while enhancing resilience, 
resource productivity, and social acceptance. Implementation guidance and practical tools 
provided. 
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1. Introduction 

Emerging energy economies face a triple mandate that is as urgent as it is complex: sustaining rapid economic growth, expanding 

affordable and reliable energy access to underserved populations, and decarbonizing industry in line with national commitments 

and global climate goals. These imperatives collide in contexts marked by constrained capital, infrastructure bottlenecks, volatile  
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fuel markets, climate vulnerability, and skills gaps. Chemical 

engineering spanning process development, resource 

conversion, materials synthesis, and pollution prevention sits 

at the fulcrum of this challenge (Adenuga, et al., 2024, Ajiva, 

Ejike & Abhulimen, 2024, Babatunde, et al., 2024, Omotayo, 

et al., 2024). Decisions made at the level of unit operations 

and supply chains determine cumulative emissions, water 

intensity, local air quality, and the resilience of energy and 

manufacturing systems. Yet practitioners lack a coherent, 

context-aware playbook that translates sustainability 

principles into actionable design and operating choices suited 

to these economies’ realities (Elebe, Imediegwu & Filani, 

2022, Okeke, et al., 2022). 

The aim of this paper is to present a conceptual framework 

that organizes sustainable chemical engineering practices 

into an integrated architecture linking process design, 

resource stewardship, and governance mechanisms, with 

explicit attention to equity and just transition. The scope 

covers the full project life cycle from opportunity framing 

and early screening through detailed design, piloting, scale-

up, and continuous improvement while embedding decision 

tools that weigh environmental performance alongside 

techno-economics and social outcomes (Ayanbode, et al., 

2019, Onalaja, et al., 2019). The framework is intentionally 

technology-agnostic but method-specific: it emphasizes how 

to choose solvents and catalysts using green metrics; how to 

electrify and intensify heat- and mass-transfer operations; 

how to valorize by-products via industrial symbiosis; and 

how to use digital twins, soft sensors, and advanced control 

to operate profitably amid demand and grid variability. It also 

codifies the institutional levers standards, finance structures, 

and procurement policies that accelerate adoption and avoid 

lock-in to suboptimal pathways (Abhulimen & Ejike, 2024, 

Adegoke, Odugbose & Adeyemi, 2024, Bankole & 

Tewogbade, 2024, Eboseremen, et al., 2024). 

For clarity, sustainability refers to multi-criteria performance 

encompassing environmental (e.g., global warming potential, 

water use, toxicity), economic (levelized costs, reliability, 

productivity), and social dimensions (jobs, inclusion, 

community impact). “Emerging energy economies” denotes 

countries or regions experiencing rapid industrialization and 

urbanization where energy demand growth outpaces legacy 

infrastructure, typically in Africa, South Asia, Southeast 

Asia, and parts of Latin America (Amini-Philips, Ibrahim & 

Eyinade, 2021, Okare, et al., 2021). Sectoral boundaries 

include fuels and chemicals (e.g., hydrogen, ammonia, 

methanol, biofuels), power-adjacent heat and cooling 

networks, and materials circularity platforms that interface 

with agriculture and mining. Temporally, the framework 

targets near- to medium-term deployment horizons (1–10 

years) with pathways consistent with net-zero trajectories by 

mid-century. Geographically, it supports national and 

subnational planning while remaining portable across regions 

via archetypal project templates adapted to local feedstocks, 

grids, policy regimes, and climate risks (Adegoke, Odugbose 

& Adeyemi, 2024, Agu, et al., 2024, Akintayo, Chinazo & 

Onunka, 2024, Kaggwa, et al., 2024). 

The contributions are fourfold. First, the framework 

synthesizes systems thinking, green chemistry, process 

intensification, and circular-economy principles into a 

layered architecture that is implementable by design teams 

and policymakers. Second, it operationalizes sustainability 

through a concise set of metrics and decision gates that guide 

trade-offs under uncertainty, enabling comparable project 

evaluations and portfolio optimization (Filani, Nwokocha & 

Babatunde, 2019, Kamau, 2018). Third, it anchors digital 

enablers hybrid mechanistic/data models, soft sensing, model 

predictive control within practical operating envelopes to 

deliver resilience and efficiency under real-world constraints. 

Fourth, it embeds just-transition considerations, advancing 

equitable outcomes through localization, capacity building, 

and inclusive governance. Together, these elements provide 

a pragmatic blueprint for aligning industrial growth and 

energy access with decarbonization, turning sustainability 

from aspiration into engineered practice in emerging energy 

economies (Agida, et al., 2022, Bankole, et al., 2022, 

Eyinade, Amini-Philips & Ibrahim, 2022). 

 

2. Context and Literature Background 
Sustainable chemical engineering has matured from a set of 

aspirational principles to a growing body of practice that 

blends green chemistry metrics, life-cycle assessment, and 

process intensification with digital operations and advanced 

control. In the literature, recurring themes include solvent 

substitution guided by E-factors and hazard scores, heat 

integration via pinch analysis, electrification of unit 

operations, and modular, intensified equipment such as 

membrane reactors, microchannel heat exchangers, and 

reactive distillation (Eyinade, Ezeilo & Ogundeji, 2020, 

Fasasi, et al., 2020). Parallel streams emphasize industrial 

symbiosis for by-product valorization, circularity through 

materials recovery, and the deployment of hybrid models 

first-principles combined with data-driven surrogates for 

real-time optimization. Despite this progress, much of the 

evidence base is drawn from OECD plants and grid 

conditions, where utilities are reliable, regulatory 

enforcement is consistent, and capital costs are lower (Agu, 

et al., 2024, Ajayi, et al., 2024, Babatunde, et al., 2024, 

Umezurike, et al., 2024). Technology roadmaps for 

hydrogen, ammonia, methanol, and biomaterials frequently 

assume supply chains, standards, and financing mechanisms 

that are uneven or absent in emerging contexts (Pamela, et 

al., 2020, Patrick & Samuel, 2020). Case studies from 

African, South Asian, and Southeast Asian industrial clusters 

often report pilot success but struggle with replication and 

scale because decision tools calibrated for mature markets 

underperform in the face of intermittent power, volatile 

currencies, thin technical labor markets, and data scarcity 

(Aduloju, et al., 2023, Erigha, et al., 2023, Okojie, et al., 

2023, Onunka, et al., 2023). 

Gaps show up in three places. First, methods that translate 

sustainability principles into stage-gated project choices are 

fragmented. Green chemistry checklists, LCA comparisons, 

and pinch studies are typically executed as isolated work 

packages without a unifying logic that carries from 

opportunity framing through pilot and scale-up. Second, 

uncertainty is handled weakly. Many studies use point 

estimates for feedstock availability, carbon intensity of 

power, or water stress parameters that vary significantly 

across seasons and regions (Nwachukwu, Chima & Okolo, 

2021, Tewogbade & Bankole, 2021). Few evaluations 

include distributional social impacts or just-transition 

metrics, even though employment, affordability, and local air 

quality are central to public acceptance. Third, literature on 

digital enablement often presumes stable data infrastructure 

and extensive sensor suites (Amini-Philips, Ibrahim & 

Eyinade, 2022, Okare, et al., 2022). In practice, telemetry in 

emerging energy economies is patchy; instrument drift and 
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communication outages are common, making soft sensing, 

redundancy, and graceful degradation essential features 

rather than afterthoughts. These gaps lead to brittle designs: 

plants optimized to narrow assumptions, procurement 

specifications that lock in suboptimal equipment, and 

operating policies that fail under grid variability or feedstock 

shocks (Bankole, et al., 2020, Dako, et al., 2020). 

Barriers unique to emerging contexts compound these 

methodological shortcomings. Infrastructure constraints 

unreliable grids, weak gas and CO₂ pipeline networks, limited 

water conveyance, and congested roads inflate working 

capital needs and compress operating envelopes. Finance 

barriers include high sovereign risk premia, shallow domestic 

capital markets, currency volatility, and short loan tenors that 

penalize capital-intensive projects such as electrified heat, 

electrolyzers, or carbon capture. Skills shortages particularly 

in process safety, advanced control, and data engineering 

reduce the feasibility of complex automation schemes and 

slow technology transfer (Atobatele, Hungbo & Adeyemi, 

2019, Hungbo & Adeyemi, 2019). Standards and permitting 

processes may be incomplete or inconsistently enforced, 

raising transaction costs for innovators while allowing 

legacy, higher-emission options to persist. Moreover, supply 

chains for catalysts, specialty solvents, membranes, and 

instrument spares are thin; stock-outs can force prolonged 

downtime or risky substitutions (Ezeanochie, Akomolafe & 

Adeyemi, 2024, Odugbose, Adegoke & Adeyemi, 2024). 

Data availability is a further constraint: baseline emissions, 

water footprints, and health exposure maps are often 

uncertain, making it hard to anchor LCAs or to target 

interventions for maximum co-benefit. Figure 1 shows a 

conceptual framework for Sustainable Manufacturing, 

showing: the Interplay between Energy Trilemma and 

Sustainability Strategies presented by Peter & Mbohwa, 

2019. 

 

 
 

Fig 1: A conceptual framework for Sustainable Manufacturing, showing: the Interplay between Energy Trilemma and Sustainability 

Strategies (Peter & Mbohwa, 2019). 
 

Yet the same contexts offer powerful enablers. Rapid demand 

growth creates room for modular, distributed assets that can 

leapfrog legacy designs electrified boilers and heat pumps 

where grid carbon intensities are falling, solar-thermal 

preheating and waste-heat to cold via absorption, and skid-

mounted biogas upgrading coupled to agri-waste logistics. 

Industrial parks and special economic zones provide nuclei 

for symbiosis: CO₂ from cement or fertilizer plants can feed 

green methanol pilots; brine from desalination can be co-

processed for critical mineral recovery alongside chlor-alkali 

projects; and organic residues can support biomethane and 

combined heat and power microgrids (Adeyemi, et al., 2023, 

Ezeanochie, Akomolafe & Adeyemi, 2023, Ogbuagu, et al., 

2023). Policy instruments are increasingly available results-

based finance, sustainability-linked loans, blended finance 

facilities, and public procurement rules that reward low-

carbon materials if projects can demonstrate verifiable 

performance (Ogbuagu, et al., 2023, Okpokwu, Fasawe & 

Filani, 2023, Oyasiji, et al., 2023). Digital infrastructure, 

while patchy, is improving through mobile broadband and 

edge computing, enabling soft sensing, anomaly detection, 

and remote support. Finally, a younger workforce and 

expanding university programs in chemical engineering, data 

science, and environmental management offer a talent base 

that can be upskilled through targeted capacity-building tied 

to pilot deployments (Akinlade, Filani & Nwachukwu, 2022, 

Okeke, et al., 2022). 

The rationale for a unified, transferable framework follows 

directly from this mix of barriers and enablers. Fragmented 

toolkits invite optimization myopia: a project that maximizes 

energy efficiency may inadvertently worsen water stress, or 

a solvent swap that scores well on hazard metrics may 

implode the business case due to import risk (Atobatele, et 

al., 2021, Amuta, et al., 2021). A coherent architecture must 

therefore embed multi-criteria decision-making from the 

outset, explicitly trading off environmental, economic, and 

social metrics under uncertainty and over time (Egemba, et 

al., 2020). It should also be staged: an opportunity-framing 

phase that filters candidates using a minimal data set; a 

screening phase that stress-tests options against grid 

variability, feedstock volatility, and climate hazards; a design 

phase that integrates process intensification with 

electrification and circular flows; and a pilot-to-scale phase 

with learning curves, procurement templates, and modular 
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replication. To be transferable, the framework must decouple 

technology specifics from method logic (Amuta, et al., 2020, 

Ezeanochie, Akomolafe & Adeyemi, 2022, Filani, Olajide & 

Osho, 2020). Rather than prescribing a single hydrogen route 

or a canonical biorefinery, it should provide decision rules 

how to choose among heat integration and electrification 

options by electricity price and carbon intensity; when 

membrane separations beat thermal; how to size buffers for 

water, power, and feedstock based on variability; and how to 

structure control hierarchies that degrade gracefully when 

sensors fail. Figure 2 shows framework for reviewing 

sustainability outcomes of upstream business models 

presented by Schoneveld, et al., 2015. 

 

 
 

Fig 2: Framework for reviewing sustainability outcomes of upstream business models (Schoneveld, et al., 2015). 
 

Literature on process intensification and digital twins offers 

building blocks but requires adaptation. Intensified 

equipment promises smaller footprints and better dynamics 

advantages for brownfield retrofits and sites with constrained 

plot space yet can be sensitive to fouling or feed variability; 

robust design needs probabilistic fouling allowances and 

easy-swap spares in procurement (Akinrinoye, et al., 2020, 

Alao, Nwokocha & Filani, 2020). Digital twins can deliver 

real-time optimization and predictive maintenance, but data 

architecture must recognize intermittent connectivity: edge 

analytics, local buffering, and asynchronous cloud sync 

reduce brittleness (Ogayemi, Filani & Osho, 2022, 

Nwokocha, Alao & Filani, 2022). Soft sensors mass balance 

reconciliations, inferential quality estimators can substitute 

for expensive analyzers, but they demand operator training 

and routines for drift detection. Likewise, governance 

elements must be integral rather than peripheral. Standards 

such as ISO 14040 for LCA, ISO 50001 for energy 

management, and emerging product carbon footprint 

protocols should inform data collection and assurance; policy 

levers budget tagging, performance-based subsidies, carbon 

pricing where present should align with the framework’s 

metrics to create demand for sustainable outputs (Ajiva, Ejike 

& Abhulimen, 2024, Ejike & Abhulimen, 2024, Ogbuagu, et 

al., 2024, Okeke, et al., 2024). 

A unified framework also needs to institutionalize just-

transition and inclusion, dimensions that the technical 

literature often sidelines. In many emerging economies, 

energy and chemical projects shape local labor markets, air 

quality, and water access. Design choices that reduce toxic 

exposures, prioritize local fabrication where feasible, and 

embed training programs yield social license and reduce 

execution risk (Giwah, et al., 2020, Ibrahim, Amini-Philips 

& Eyinade, 2020). Metrics must therefore extend beyond 

global warming potential and levelized costs to include 

distributional indicators: jobs created by skill level, 

affordability of end products, reductions in local pollutants, 

and resilience benefits in climate-exposed communities 

(Adeyemi, et al., 2023, Filani, Olajide & Osho, 2023, Okeke, 

et al., 2023, Umezurike, et al., 2023). These indicators belong 

in the same dashboard as exergy efficiency and circularity 

indices so that trade-offs are visible and negotiated 

transparently. Figure 3 shows a conceptual framework of 

sustainable innovation presented by Liu & Stephens, 2019. 
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Fig 3: A conceptual framework of sustainable innovation (Liu & Stephens, 2019). 
 

Finally, transferability requires templating. Archetypes green 

hydrogen to ammonia or methanol, biomethane upgrading 

with CHP, low-temperature heat recovery with heat pumps, 

alkaline waste mineralization, and brine-to-minerals 

platforms should be documented with bill-of-materials 

ranges, utility integration patterns, control philosophies, and 

commissioning checklists (Pamela, et al., 2021). Each 

archetype should include “switch settings” keyed to local 

conditions: grid carbon intensity thresholds that justify 

electrification; water scarcity flags that trigger hybrid 

cooling; policy triggers that unlock concessional finance; and 

fallback modes for islanded operation. The literature provides 

many of the ingredients for these archetypes but rarely 

packages them for portability across geographies and 

institutions (Clement, Filani & Osho, 2024, Enow, et al., 

2024, Ogbuagu, et al., 2024, Oham & Ejike, 2024). 

In sum, the state of sustainable chemical engineering is rich 

but uneven, with high-quality methods and success stories 

concentrated in environments unlike those of many emerging 

energy economies. Barriers in infrastructure, finance, skills, 

and data interact to expose the fragility of conventional 

design and operating practices, while enablers in modular 

technologies, policy innovation, and improving digital 

infrastructure create windows to leapfrog (Alao, Nwokocha 

& Filani, 2021, Elebe, Imediegwu & Filani, 2021). A unified, 

transferable framework is needed to weave method, 

governance, and implementation into a single, staged 

pathway that is robust to uncertainty, attentive to equity, and 

executable with the resources and institutional realities on the 

ground. By translating disparate tools into coherent decision 

gates, stress tests, and archetypes, such a framework can turn 

sustainability from a patchwork of pilots into a repeatable 

practice capable of scaling across sectors and regions in the 

decisive decade ahead (Ezeh Funmi, et al., 2022, Patrick & 

Samuel, 2022). 

 

2. Methodology 
The study adopts a mixed-methods systems engineering 

design that blends conceptual modeling, evidence synthesis, 

and staged field implementation to operationalize sustainable 

chemical engineering practices in emerging energy 

economies. The methodology proceeds in five tightly 

coupled phases that are iterated until performance targets are 

met. First, a scoping and ontological harmonization phase 

defines the focal unit operations, value-chain boundaries, and 

sustainability goals. Stakeholders across government, 

industry, academia, and communities are convened to agree 

on target outcomes such as emissions intensity reduction, 

resource efficiency, circularity, product quality, and equity in 

workforce participation. A shared ontology is created to map 

processes, data entities, and compliance obligations, aligning 

process safety, environmental health, product stewardship, 

and social metrics. This phase yields a problem 

decomposition into techno-economic, environmental, 

governance, and human-factors workstreams, each with clear 

decision variables and constraints. 

Second, a data engineering and governance phase builds the 

analytics backbone required to support trustworthy decision 

making. Process historians, distributed IoT sensors, LIMS 

and QC systems, MES and ERP ledgers, maintenance 

CMMS, ESG questionnaires, and satellite or aerial leak 

detection feeds are integrated into a lakehouse pipeline with 

bronze–silver–gold layers to ensure raw capture, quality 

curation, and analytics-ready views. Role-based access 

control, consent and privacy rules, lineage tracking, and 

automated data quality checks are implemented. Event-

driven ingestion handles high-frequency telemetry while 

scheduled serverless jobs consolidate slower enterprise 

sources. To enable collaboration in regulated settings, the 

pipeline is packaged with CI and CD, version control for 

models and datasets, test suites for schema and drift, and 

monitoring dashboards for data freshness, null anomalies, 

and bias reports. Where cross-operator data sharing is 

required, privacy-preserving designs such as federated 

learning and secure aggregation are applied to keep sensitive 

process data on premise while enabling benchmarking and 

model improvement. 

Third, a multi-model analytics and optimization phase 

converts curated data into actionable intelligence for plant 

and network decisions. At the unit operation level, first-

principles mass and energy balances are coupled with data-

driven surrogates to estimate yields, conversion, selectivity, 

solvent losses, and energy use under variable feedstock 

quality and ambient conditions. At the facility level, digital 

twin models calibrated against historian data simulate heat 

integration, pinch opportunities, waste heat recovery, 

electrification pathways, solvent recycling, and flare 

minimization. At the network level, supply chain and 

logistics optimizers evaluate sourcing, inventory, 

transportation, and distributed production trade-offs while 
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enforcing carbon, water, and social constraints. Health and 

safety analytics identify leading indicators of incidents by 

linking human-factors observations, maintenance backlogs, 

and environmental excursions. To internalize externalities 

consistently, each scenario is evaluated with a harmonized 

sustainability accounting stack that includes life cycle 

inventory for energy, materials, and emissions, water use and 

effluent profiles, and circularity indicators such as recycled 

content and recovery rates. Multi-criteria decision analysis is 

then applied to rank alternatives across economic value, 

environmental impact, reliability, compliance risk, and 

community benefit, with adjustable weights set through 

stakeholder deliberation. Optimization solvers search the 

design space subject to technical and policy constraints to 

produce feasible operating envelopes and investment 

roadmaps. 

Fourth, a compliance, ethics, and assurance phase embeds 

responsible automation and transparent reporting into daily 

operations. Algorithmic decisions are documented with 

model cards and data sheets that specify purpose, training 

data, performance boundaries, and known risks. Governance 

controls tie each metric to a policy requirement and specify 

the audit trail, reviewer, and escalation conditions. Smart 

contracts or cryptographic attestations can be used to lock in 

ESG evidence, supplier declarations, and calibration 

certificates to reduce reporting friction and greenwashing 

risk. Cybersecurity hardening is applied to the IoT edge and 

analytics platforms, including segmentation, key rotation, 

anomaly detection, and response playbooks. For workforce 

and community impacts, human-centered protocols address 

change management, skills development for technicians and 

operators, and accessible communication of environmental 

performance. Ethical review ensures that AI-enabled 

decisions do not create hidden labor or community burdens 

and that grievance and remedy channels exist. 

Fifth, an implementation, validation, and scaling phase 

proves the framework in pilots, then generalizes it across sites 

and regions. Pilot facilities are selected to represent common 

feedstocks, technologies, and climate zones in emerging 

energy economies. Each pilot runs A and B operating 

strategies over statistically sufficient periods, instrumented 

with high-resolution telemetry and independent measurement 

where needed. Primary outcomes include energy intensity per 

functional unit, emissions intensity including methane or 

VOC loss rates, water intensity and discharge quality, raw 

material yield and by-product valorization rates, product 

quality conformance, unplanned downtime, near-miss 

frequency, and total delivered cost. Secondary outcomes 

include reporting cycle time, audit findings closed on first 

pass, supplier ESG conformance, staff training completion, 

and community sentiment. Statistical analysis plans specify 

baseline normalization, outlier handling, and the tests used 

for effect estimation, for example generalized linear models 

for intensity metrics, survival analysis for time-to-failure 

improvements, and non-parametric tests when distributions 

violate normality. Uncertainty is quantified through 

bootstrapping and sensitivity analysis on key assumptions 

such as emission factors and allocation rules. Where methane 

or fugitive emissions are material, continuous monitoring 

data are reconciled with periodic surveys through Bayesian 

inference to reduce bias and quantify credible intervals for 

inventories. Model robustness is tracked with drift detectors, 

and retraining policies are triggered by defined thresholds. 

Independent verification is conducted on a sample of data 

pipelines, models, and reported metrics to confirm 

reproducibility. 

Across all phases, the methodology uses short learning 

cycles. Each sprint delivers a traceable improvement: a new 

sensor stream ingested with quality gates, a calibrated sub-

model added to the twin, a control recommendation tested in 

shadow mode, or a supplier scorecard upgraded with 

circularity criteria. Decision logs capture hypotheses, 

evidence, and outcomes to support institutional memory. 

Knowledge is packaged as reusable playbooks that include 

templates for data contracts, MCDA weighting workshops, 

flare response standard work, solvent recovery audits, and 

supplier engagement on recycled content and hazardous 

substitution. To support scale across heterogeneous sites, the 

architecture is modular. Edge agents handle protocol 

translation and buffering, a central governance service 

manages policies and keys, and domain microservices 

manage specific functions such as leak detection triage, heat 

exchanger fouling prediction, or batch cycle optimization. 

Interfaces expose APIs so that existing DCS and APC 

systems can consume setpoint recommendations with 

operator in the loop confirmation and override. Where grid 

reliability is a constraint, designs incorporate buffer strategies 

such as thermal storage, on-site renewables, and demand 

response coordination to maintain safety and quality during 

curtailment. 

The approach is designed for transferability to emerging 

energy economies by emphasizing open data standards, 

vendor-agnostic connectors, and progressive enhancement 

that works with legacy equipment. Capacity building is 

embedded throughout through hands-on training, 

competency assessments, and mentorship programs that 

enable local engineers and operators to own the solutions. A 

living risk register captures technical, regulatory, and social 

risks with mitigations and triggers. At the end of each pilot 

cycle, a tollgate review evaluates whether the evidence meets 

predefined success criteria for sustainability gains, economic 

feasibility, compliance robustness, and organizational 

readiness. If criteria are met, the release plan schedules 

rollout, accompanied by procurement specifications, vendor 

evaluation checklists, and a benefits realization plan that ties 

improvements to budget lines and accountability owners. If 

criteria are not met, the cycle returns to model refinement or 

data improvements until gaps are closed. The result is a 

practical, auditable pathway to embed sustainability into 

chemical engineering decisions at the pace and scale required 

in emerging energy systems. 
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Fig 4: Flowchart of the study methodology 
 

2.1 Guiding Principles and Criteria 
Sustainable chemical engineering in emerging energy 

economies must rest on guiding principles that translate 

ambition into design and operating choices resilient to 

volatility, scarcity, and institutional complexity. Systems 

thinking provides the first anchor. Rather than optimizing 

isolated unit operations, decisions are evaluated across 

interconnected value chains and infrastructures feedstock 

logistics, utilities, workforce capability, environmental sinks, 

and downstream markets (Aduloju, et al., 2022, Dako, et al., 

2022, Okiye, Nwokediegwu & Bankole, 2022). A heat-

integration scheme, for example, cannot be judged solely by 

internal energy savings; it must be tested against grid 

variability, water availability for cooling, the carbon intensity 

of electricity, and maintenance realities that govern uptime. 

Systems thinking also requires temporal layering: short-run 

operating modes, medium-term retrofits, and long-run 

technology pathways must cohere so that today’s investments 

do not foreclose cleaner options later (Eyinade, Amini-

Philips & Ibrahim, 2022, Nwachukwu, Chima & Okolo, 

2022). In practice, this entails mapping material and energy 

flows with exergy accounting, identifying leverage points for 

loss reduction, and codifying fallback modes when power or 

water are constrained. The goal is not only efficiency but 

controllability and graceful degradation under stress 

(Ibrahim, Amini-Philips & Eyinade, 2023, Okeke, et al., 

2023, Okiye, Nwokediegwu & Bankole, 2023). 

Circularity extends systems logic to materials stewardship. 

Processes are designed for minimal virgin inputs, maximum 

internal recirculation, and valorization of by-products across 

plant boundaries through industrial symbiosis. Acid gases 

become substrates for methanol or fertilizers; low-grade heat 

drives absorption cooling; brine is a resource for minerals 

rather than a waste stream; solvent loops are closed with 

robust purification; and catalysts are selected for 

recoverability (Amini-Philips, Ibrahim & Eyinade, 2024, 

Eboseremen, et al., 2024, Fasawe, Akinola & Filani, 2024). 

Circularity also considers supply-chain circularity local 

fabrication, refurbishable equipment, and standardized spares 

to reduce downtime. In emerging contexts where waste 

collection and infrastructure are uneven, circular design must 

be tailored to the practicalities of aggregation and quality 

control, with modular pre-processing and quality assurance 

built into procurement and operations (Agu, et al., 2024, 

Alozie, et al., 2024, Dako, et al., 2024, Komolafe, et al., 

2024). 

Green chemistry sets molecular-level rules for choosing 

solvents, reagents, and catalysts that reduce hazard, toxicity, 

and waste while improving atom economy and selectivity. 

Candidate solvents are filtered through metrics such as 

boiling point, flash point, vapor pressure, toxicity, and 

biodegradability; catalysts are selected for activity at lower 

temperatures and pressures, tolerance to impurities, and 

recyclability (Adegoke, Odugbose & Adeyemi, 2024, 

Adeusi, Jejeniwa & Jejeniwa, 2024, Eboseremen, et al., 2024, 

Omoniyi, et al., 2024). Where functional performance 

demands trade-offs, the choice is contextualized by life-cycle 

impacts and local handling capabilities. Green chemistry is 

not an afterthought but a front-end screening criterion tied to 

procurement templates and operator training, ensuring that 

substitutions are feasible given available skills and 

emergency response (Daraojimba, et al., 2023, Filani, Olajide 

& Osho, 2023, Okafor, et al., 2023, Onunka, et al., 2023). 

Process safety is inseparable from sustainability, because 

incidents erase environmental gains, destroy value, and 

undermine social license. In high-growth settings, a risk-

based process safety approach emphasizes inherent safety 

minimizing inventories, operating at lower energies, 

simplifying control architectures, and avoiding hazardous 

intermediates (Akintayo, et al., 2020, Dako, et al., 2020). 

Layers of protection analysis must reflect realistic 

maintenance regimes and spare-part logistics, with 

conservative assumptions about instrument reliability 

(Pamela, et al., 2022). Emergency response plans are 

integrated with community health systems, and siting 

decisions account for evacuation routes, flood or heat stress, 

and air dispersion patterns. Safety indicators are tracked 

alongside environmental metrics, recognizing that reliable, 

well-controlled processes are more efficient and less 

polluting (Akinbode, et al., 2024, Ejike & Abhulimen, 2024, 

Ewim, et al., 2024). 

Equity and just-transition considerations place people and 

communities at the center of technical choices. In emerging 

energy economies, plants are often major local employers and 

sources of public revenue; they also influence air quality, 

water access, and land use. Guiding principles require that 

benefits and burdens are fairly shared, that workers in carbon-

intensive roles have pathways to reskilling, and that 

procurement favors local participation where it does not 

compromise safety or quality (Akintayo, Chinazo & Onunka, 

2024, Ikwuanusi, et al., 2024, Ogbuagu, et al., 2024, Okeke, 

et al., 2024). Community engagement begins at opportunity 

framing and continues through construction and operation, 

with grievance mechanisms and transparent reporting. 

Affordability of outputs fertilizer, fuels, refrigerants, building 
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materials is explicitly modeled, because social acceptance 

hinges on whether cleaner products are accessible (Atobatele, 

et al., 2019, Filani, Nwokocha & Babatunde, 2019). Equity 

also shapes technology selection: processes that demand rare 

skills or expensive imports may be deprioritized unless paired 

with robust capacity-building and secure supply 

arrangements. Gender and youth inclusion targets are 

embedded in hiring and training, linked to funding milestones 

to avoid tokenism (Akinlade, Filani & Nwachukwu, 2021, 

Kufile, et al., 2021). 

A multi-criteria lens integrates environmental, techno-

economic, and social performance into decision gates. 

Environmental criteria cover life-cycle impacts such as 

global warming potential, water intensity, eutrophication, 

particulate and NOx emissions, toxicity, and circularity 

index; they also consider local environmental quality, not just 

global metrics. Techno-economic criteria include levelized 

costs, capital intensity, reliability and availability, 

productivity, and sensitivity to exchange rates and 

commodity prices (Atobatele, Hungbo & Adeyemi, 2019, 

Hungbo & Adeyemi, 2019). Social criteria span decent jobs 

by skill level, occupational health and safety performance, 

inclusion metrics, affordability of outputs, local value added, 

and community resilience benefits (e.g., cold storage for 

vaccines enabled by waste-heat-to-cold). No single score 

captures all priorities; instead, the framework uses 

transparent trade-off surfaces and decision rules that reflect 

policy and investor preferences (Ogayemi, Filani & Osho, 

2022, Okojokwu-du, et al., 2022). For example, a project may 

advance if it meets minimum environmental thresholds, 

delivers a levelized cost within a defined range of 

incumbents, and achieves a specified share of local 

procurement and training outcomes (Egemba, et al., 2021). 

Operationalizing the multi-criteria lens requires 

measurement discipline and uncertainty management. 

Baselines are established for grid carbon intensity, water 

scarcity, and ambient air quality; monitoring, reporting, and 

verification protocols are defined for energy, materials, and 

emissions flows; and data governance ensures quality and 

privacy. Because data can be sparse or variable, decisions 

incorporate uncertainty bands, scenario ranges, and stress 

tests for climate hazards and market shocks (Ogayemi, Filani 

& Osho, 2023, Ogbuagu, et al., 2023, Nwokocha, Alao & 

Filani, 2023). Where direct measurement is costly, soft 

sensors and mass-balance reconciliations provide inferential 

estimates with quantified error. The framework favors 

options that remain feasible across plausible futures, even if 

they are not optimal in the mean case (Ezeanochie, 

Akomolafe & Adeyemi, 2024, Hungbo, Adeyemi & Ajayi, 

2024). 

The principles translate into practical criteria and thresholds 

that guide stage-gated development. At opportunity framing, 

screens favor options with high circularity potential, clear 

industrial-symbiosis partners, and manageable safety 

envelopes. At screening, electrification choices are evaluated 

against electricity price and carbon intensity trajectories; 

when grid reliability is low, designs include energy buffers or 

hybrid heating (Fasawe, Akinola & Filani, 2022, Okeke, et 

al., 2022). At design, pinch analysis, exergy audits, and 

hazard reviews iterate with equipment selection and control 

strategy. At pilot and scale-up, learning curves are tracked 

yield drift, fouling rates, maintenance intervals and feedback 

informs procurement and operator training. At all stages, 

equity checkpoints verify progress on hiring, local sourcing, 

and community benefits, with course corrections when 

targets slip (Filani, Olajide & Osho, 2021, Ogayemi, Filani & 

Osho, 2021). 

Decision-making is strengthened by explicit governance 

linkages. Standards such as ISO 14040/44 for life-cycle 

assessment and ISO 50001 for energy management provide 

structure, while environmental and social safeguards align 

with multilateral finance requirements. Policy instruments 

carbon pricing where present, performance-based incentives, 

sustainability-linked loans are connected to the same metrics 

used internally so that compliance and value creation 

reinforce each other (Alao, Nwokocha & Filani, 2022, 

Okeke, et al., 2022). Procurement criteria embed green 

chemistry and circularity requirements, with supplier audits 

to prevent greenwashing. Transparency is essential: 

dashboards share key indicators with regulators, financiers, 

and communities, building trust and enabling collaborative 

problem-solving (Aduloju, et al., 2021, Erigha, et al., 2021, 

Essien, et al., 2021). 

In emerging contexts, realism matters. Systems thinking, 

circularity, green chemistry, process safety, equity, and 

multi-criteria evaluation are not slogans but constraints that 

shape robust designs under power outages, water rationing, 

currency swings, and thin supply chains. The criteria 

therefore privilege simplicity where complexity is fragile, 

modularity where scale is risky, and local maintainability 

over marginal efficiency gains dependent on rare skills 

(Aduloju, et al., 2023, Eyinade, Amini-Philips & Ibrahim, 

2023, Obuse, et al., 2023). The framework encourages “good 

enough” digitalization edge analytics, soft sensors, and 

operator-friendly interfaces over brittle high-end solutions 

that fail in the first connectivity outage. It prefers catalysts 

and membranes available through multiple suppliers, 

tolerates feed impurities, and can be cleaned or swapped with 

standard tools (Akinlade, Filani & Nwachukwu, 2024, Alao, 

Nwokocha & Filani, 2024, Nnabueze, et al., 2024). 

Finally, these principles and criteria are recursive. Each 

project’s monitoring data refine the thresholds, weights, and 

uncertainty ranges used in subsequent decisions; each 

engagement with communities updates what equity means in 

practice; each incident or near miss sharpens safety 

assumptions; each supply disruption clarifies the value of 

circularity and local fabrication. In this way, the framework 

learns, becoming more predictive and more attuned to the 

realities of emerging energy economies (Bankole & 

Tewogbade, 2019, Fasasi, et al., 2019). Sustainability thus 

becomes not a box to check, but a disciplined way of 

engineering anchored in systems thinking, circularity, green 

chemistry, process safety, equity, and transparent multi-

criteria judgment that can scale from pilots to portfolios while 

delivering growth, access, and decarbonization (Ejike & 

Abhulimen, 2024, Nnabueze, et al., 2024, Oham & Ejike, 

2024, Olorunyomi, et al., 2024). 

 

2.2 Framework Architecture 
The framework architecture is organized in three mutually 

reinforcing layers process, resource, and governance so that 

choices made at the level of unit operations are coherent with 

regional feedstocks, utilities, and institutional levers. The 

process layer codifies how plants are designed and operated; 

the resource layer aligns material and energy flows across 

industrial ecosystems; and the governance layer provides the 

policy, standards, and human-capital scaffolding that makes 

the first two layers durable under real-world constraints in 
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emerging energy economies (Giwah, et al., 2020, Ibrahim, 

Amini-Philips & Eyinade, 2020). 

At the process layer, electrification is the first design branch. 

Heat and motive power demands are disaggregated by 

temperature and duty cycle, then mapped to electrical options 

resistance heaters, induction, heat pumps, electric boilers, and 

motor-driven compressors. Selection hinges on electricity 

price and carbon intensity trajectories, grid reliability, and 

controllability. Where the grid is variable, designs include 

thermal batteries (molten salts, phase-change media), small-

scale energy storage, and demand-response logic so that high-

energy steps are shifted to off-peak windows without 

compromising quality (Eyinade, Ezeilo & Ogundeji, 2021, 

Fasasi, et al., 2021). Heat integration is treated as an exergy 

minimization problem rather than a one-off pinch exercise: 

composite curves are updated for seasonal ambient 

conditions, water availability for cooling, and the dynamics 

of start-ups and partial loads. Heat pumps and absorption 

cycles are evaluated alongside conventional heat exchangers 

to lift low-grade heat into useful ranges; waste-heat-to-cold 

is prioritized where cold chains are immature and social co-

benefits are large. Process intensification is the default 

posture, but it is applied judiciously (Ezeh Funmi, et al., 

2023). Microchannel reactors, membrane separations, 

reactive distillation, and rotating packed beds can cut 

footprints and improve controllability; their adoption is gated 

by fouling risk, availability of spares, and the ease of operator 

training. Intensified equipment is bundled with standardized 

maintenance kits and bypass loops so that failure modes 

degrade gracefully (Bankole, et al., 2019, Nwokediegwu, 

Bankole & Okiye, 2019). Solvent and catalyst selection 

follows green chemistry metrics with local operability in 

mind. Solvents are screened for hazard, volatility, 

recyclability, and supply security; catalyst choices emphasize 

activity at lower temperatures and pressures, tolerance to 

impurities common in local feedstocks, and recoverability 

(Ajiva, Ejike & Abhulimen, 2024, Ejike & Abhulimen, 2024, 

Ewim, et al., 2024, Ogbuagu, et al., 2024). Where import risk 

is high, dual-source catalysts and modular cartridges reduce 

downtime. Control architectures couple model predictive 

control with soft sensors so that measurement gaps do not 

cripple operations; alarm limits and fallback modes are tuned 

for intermittent connectivity and instrument drift (Amuta, et 

al., 2021, Hungbo, Adeyemi & Ajayi, 2021). 

The resource layer extends optimization beyond plant walls. 

Renewable feedstocks and utilities are treated as portfolios 

with variability and correlation. Biomass residues, biogas, 

flare gas, municipal solid waste fractions, and brines are 

characterized for seasonality, logistics cost, contaminants, 

and competing uses. Electricity mixes are modeled under 

plausible grid expansion scenarios; where low-carbon power 

is scarce, hybrid configurations solar thermal preheat with 

conventional backup, biogas for peak firing, and waste-heat 

recovery are favored (Eyinade, Amini-Philips & Ibrahim, 

2022, Nwachukwu, Chima & Okolo, 2022, Onalaja, et al., 

2022). Water sourcing and discharge are integrated into a 

water–energy–food nexus analysis: process water is cascaded 

through fit-for-purpose loops, rainwater harvesting and 

condensate recovery reduce freshwater draw, and brine is 

valorized for minerals where feasible. Cooling choices are 

keyed to water stress; air-cooled or hybrid towers are selected 

with energy penalties explicit in the economics. Industrial 

symbiosis is engineered rather than incidental (Ajayi, 

Onunka & Azah, 2020, Essien, et al., 2020). Co-location or 

pipeline tie-ins are mapped so that CO₂ from cement or 

fertilizer plants can feed methanol or urea units; oxygen from 

electrolyzers serves steel or wastewater treatment; organic 

residues support biomethane and combined heat and power 

for the cluster (Amini-Philips, Ibrahim & Eyinade, 2023, 

Fasasi, Adebowale & Nwokediegwu, 2023, Okeke, et al., 

2023). Contracts and metering are standardized to manage 

variability and ensure fair value exchange. Material 

circularity is embedded through product and packaging 

design that anticipates local collection and reprocessing 

realities; where waste streams are diffuse, modular pre-

processing hubs aggregate and standardize quality before 

feeding core plants (Fasawe, Akinola & Filani, 2021, Filani, 

Nwokocha & Alao, 2021). The resource layer also recognizes 

critical-minerals risk by prioritizing process routes with 

lower dependence on scarce metals, enabling substitution and 

recycling, and planning for recovery of catalysts and 

membranes. Logistics is part of the resource architecture: 

road quality, port access, and storage constraints inform 

buffer sizing, inventory policies, and the choice between 

centralized and distributed assets (Filani, Nwokocha & Alao, 

2022, Okeke, et al., 2022). 

The governance layer translates public goals and private 

incentives into executable rules of the game. Policies set 

demand signals and de-risk investments through 

performance-based incentives, carbon pricing where present, 

and procurement mandates that credit lower carbon intensity 

and higher circularity. Budget tagging and results-based 

finance connect public expenditures to measurable outcomes 

tracked within the framework’s metrics (Atobatele, Hungbo 

& Adeyemi, 2019). Standards provide the common language: 

ISO 14040/44 for life-cycle assessment, ISO 50001 for 

energy management, product carbon footprint protocols, and 

occupational health and safety systems are integrated into 

project stage gates so that compliance is not an afterthought. 

Local content policies are calibrated to build domestic 

capability without degrading safety or performance. They 

target components and services with realistic learning curves 

fabrication of skids and pipe spools, assembly of heat-

exchanger modules, field instrumentation, and maintenance 

services backed by supplier development programs and open-

source templates for documentation and testing (Amuta, et 

al., 2024, Nwokocha, Alao & Filani, 2024, Ogbuagu, et al., 

2024, Sakyi, et al., 2024). Capacity building bridges the 

persistent skills gap. Training programs co-designed with 

universities and technical institutes are embedded in project 

finance conditions; they focus on process safety, digital 

maintenance, LCA and MRV practices, and operator 

competencies for intensified equipment. Apprenticeships and 

vendor-led certification create career pathways and reduce 

brain drain (Amini-Philips, Ibrahim & Eyinade, 2022, Erigha, 

et al., 2022, Essien, et al., 2022). Governance also 

encompasses data. Measurement, reporting, and verification 

protocols are codified for energy, water, emissions, and social 

indicators; data-sharing agreements, privacy safeguards, and 

audit trails enable blended finance and sustainability-linked 

loans (Amini-Philips, Ibrahim & Eyinade, 2022, Babatunde, 

et al., 2022, Obuse, et al., 2022). Regulators and financiers 

see the same dashboards as plant operators, aligning 

oversight with the framework’s multi-criteria lens. 

The three layers interact through clear interfaces. At 

opportunity framing, policy priorities and eligibility criteria 

guide which process archetypes are screened; the resource 

layer supplies constraints on feedstock, water, and power; 
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and process options are filtered accordingly. At design, heat-

integration decisions accept boundary conditions from the 

resource layer (e.g., water caps, waste-heat sinks) and from 

governance (e.g., allowable exposure limits, product 

standards). At procurement, local content targets and 

standards specify documentation, testing, and spare-part 

strategies that are compatible with intensified equipment 

(Adenuga, et al., 2024, Cadet, et al., 2024, Okereke, et al., 

2024, Ugochukwu, et al., 2024). At operations, digital twins 

translate sensor inputs into actions bounded by safety and 

policy rules; when grid conditions shift or feedstock quality 

drifts, the resource layer’s buffers and contracts cushion the 

shock, while process controls adapt within safe envelopes 

(Ajayi, Onunka & Azah, 2020, Obuse, et al., 2020). Feedback 

loops are institutionalized. KPI dashboards global warming 

potential, water intensity, circularity index, levelized cost, 

availability, jobs by skill level, affordability proxies are 

reviewed by plant teams and external stakeholders; 

deviations trigger corrective actions at the appropriate layer: 

process tuning, resource-contract revisions, or policy updates 

(Bankole, Nwokediegwu & Okiye, 2021, Okare, et al., 2021). 

Architecture choices aim for transferability. Each archetype 

green hydrogen to ammonia or methanol, biomethane 

upgrading with CHP, low-temperature heat recovery, 

alkaline waste mineralization, brine-to-minerals comes with 

a bill-of-materials range, control philosophy, commissioning 

checklist, and “switch settings” keyed to local conditions. 

Switches include grid carbon-intensity thresholds for 

electrification, water-stress flags for cooling selection, price 

spreads that flip membrane vs thermal separation choices, 

and minimum co-located partners to justify symbiosis 

(Egemba, et al., 2024). Documentation packages are 

templated to reduce transaction costs with lenders and 

regulators. Risk management is woven throughout: hazard 

studies use conservative assumptions for instrument 

reliability; financial models stress test exchange rates and 

interest rates; supply plans include second-source options for 

catalysts and membranes; and social-risk mitigation plans 

include grievance processes and community-benefit 

agreements (Patrick, et al., 2019). 

The architecture is pragmatic about what can be measured 

and controlled in emerging contexts. Soft sensors fill analyzer 

gaps; redundancy is applied where failure would cascade; 

controllers default to safe manual modes when connectivity 

fails; and maintenance intervals are aligned with actual spare-

part availability. Electrification is not dogma: where grids are 

constrained and carbon intensive, hybrid heating and solar 

thermal may deliver lower life-cycle impact while preserving 

reliability (Adeyemi, et al., 2022, Kufile, et al., 2022, Okeke, 

et al., 2022). Similarly, process intensification is pursued 

where maintainable; otherwise, robust conventional 

equipment with better materials and controls may dominate. 

The framework acknowledges that perfection is the enemy of 

scale; it privileges resilient designs that deliver 80–90% of 

the theoretical sustainability gain across a wide operating 

envelope over brittle optimizations that collapse under real-

world volatility (Akinlade, Filani & Nwachukwu, 2024, 

Filani, Olajide & Osho, 2024, Oham & Ejike, 2024). 

In sum, the process layer provides the engineering levers to 

reduce emissions, water use, and waste while improving 

controllability; the resource layer assembles regional 

portfolios of feedstocks, utilities, and symbiosis partners to 

stabilize supply and unlock circularity; and the governance 

layer aligns incentives, standards, and skills so that projects 

are financeable, operable, and socially accepted. By defining 

clean interfaces and feedback loops among these layers, the 

architecture turns sustainability from a list of aspirations into 

an executable program that can be replicated across sectors 

and geographies in emerging energy economies (Abhulimen 

& Ejike, 2024, Eboseremen, et al., 2024, Kamau, et al., 2024, 

Olorunsogo, et al., 2024). 

 

2.3 Digital & Analytical Enablers 
Digital and analytical enablers transform sustainability from 

a design aspiration into day-to-day operating discipline, 

especially in emerging energy economies where volatility in 

power, feedstock quality, and labor availability challenge 

conventional engineering assumptions. The foundation is 

hybrid modeling that fuses first principles with data-driven 

learning (Fasasi, et al., 2020, Giwah, et al., 2020, Hungbo, 

Adeyemi & Ajayi, 2020). First-principles models mass and 

energy balances, kinetics, transport, thermodynamics encode 

conservation laws and physical plausibility, giving reliable 

extrapolation outside the data cloud (Amuta, et al., 2022, 

Sakyi, et al., 2022). Data-driven surrogates Gaussian 

processes, gradient-boosted trees, neural networks capture 

plant-specific nonlinearities, fouling drift, and actuator 

friction that are hard to model mechanistically. The hybrid 

composition is deliberate: mechanistic cores establish 

structure and hard constraints; residual learners fit the 

difference between model and measured behavior. This 

architecture reduces data requirements, prevents unphysical 

recommendations, and supports transfer across sites by 

keeping the physics constant while re-training only the 

residual layer to local conditions (Dako, et al., 2023, Davidor, 

et al., 2023, Fasasi, Adebowale & Nwokediegwu, 2023, 

Oludare, et al., 2023). 

Soft sensors are the practical bridge between sparse 

instrumentation and the information density required for 

resilient operations. Many analyzers (online GC, ICP-OES, 

FTIR) are too costly or brittle for continuous service in harsh 

settings; soft sensors infer unmeasured qualities from cheap, 

robust signals. Examples include using heat and material 

balances plus motor power and temperatures to infer solvent 

composition, or combining differential pressure with 

temperature and speed to estimate viscosity (Abhulimen & 

Ejike, 2024, Cadet, et al., 2024, Obuse, et al., 2024, Uwaoma, 

et al., 2024). These virtual measurements are bias-corrected 

through periodic lab samples; outlier detection and drift 

diagnostics guard against silent failure. Importantly, soft 

sensors are packaged with uncertainty intervals, not just point 

estimates, so that controllers and optimization routines can 

act conservatively when confidence is low (Giwah, et al., 

2020, Ibrahim, Amini-Philips & Eyinade, 2020). 

Digital twins extend these ideas into an operational cockpit. 

At minimum, a twin is a live, calibrated simulation of the 

plant updated with streaming data; more advanced twins 

couple state estimation, anomaly detection, and optimization. 

In emerging contexts, the twin must be edge-capable: it 

should run on local servers or industrial PCs to tolerate 

intermittent connectivity, synchronize asynchronously to the 

cloud, and degrade gracefully when sensor subsets go dark. 

A practical twin maintains three layers of fidelity (Akinbode, 

et al., 2024, Ejike & Abhulimen, 2024, Komolafe, et al., 

2024, Omotayo, et al., 2024). The fast layer reduced-order 

models or surrogates runs every few seconds to support 

control and alarms. The medium layer full dynamic models 

runs every few minutes to update state estimates, predict 
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constraint hits, and propose set-point changes. The slow layer 

planning and debottlenecking runs hourly or daily to test 

alternative schedules, maintenance windows, and feedstock 

mixes. Each layer exchanges uncertainty information so that 

downstream decisions reflect upstream confidence (Eyinade, 

Ezeilo & Ogundeji, 2022, Fasasi, Adebowale & 

Nwokediegwu, 2022). 

Advanced control closes the loop between predictions and 

actions. Model predictive control (MPC) is preferred because 

it handles multivariable interactions, constraints, and look-

ahead economics. In electrified and intensified processes 

where time constants are short and interactions strong MPC 

coordinates temperatures, compositions, and utility loads 

while respecting equipment limits and quality specs 

(Adeyemi, et al., 2022, Filani, Olajide & Osho, 2022, Okeke, 

et al., 2022). The controller uses the hybrid model as its 

internal predictor; when the residual learner flags drift, the 

controller’s confidence intervals widen and move set-points 

more cautiously. In grids with variable price and carbon 

intensity, economic MPC co-optimizes product quality and 

utility costs by shifting discretionary loads to cleaner, cheaper 

hours, while thermal buffers and inventory constraints keep 

the plant inside safe bounds (Amuta, et al., 2023, Nwokocha, 

Alao & Filani, 2023, Okojie, et al., 2023). For plants that 

share utilities inside industrial parks, hierarchical MPC 

coordinates steam, chilled water, and waste-heat exchanges 

to maximize cluster-wide efficiency without violating any 

participant’s constraints. 

Real-time optimization rides on top of control to adjust 

recipes, throughput, and energy mixes under volatility. The 

optimizer solves a rolling horizon problem every few 

minutes: maximize contribution margin or minimize life-

cycle impact subject to process, safety, and policy 

constraints. The objective function includes dynamic tariffs, 

carbon intensity signals, and reliability penalties for 

approaching safety limits (Eyinade, Amini-Philips & 

Ibrahim, 2023, Nwachukwu, Chima & Okolo, 2023, Okeke, 

et al., 2023). When data are uncertain, the optimizer uses 

chance constraints or robust formulations to ensure feasibility 

with high probability. For example, it may curtail a risky 

throughput increase if soft-sensor confidence on a critical 

composition is low, choosing a smaller but safer profit 

improvement. To avoid brittleness, the optimization stack 

caches feasible fallbacks pre-computed set-point patterns that 

guarantee safety if the solver fails or communication drops so 

operators are never left without guidance (Ajiva, Ejike & 

Abhulimen, 2024Akintayo, Chinazo & Onunka, 2024, 

Ikwuanusi, et al., 2024). 

Uncertainty quantification is not an academic add-on it is the 

risk language that connects engineering to finance, policy, 

and community stakeholders. Every soft sensor and model 

parameter carries a distribution; every forecast for feedstock 

availability, grid carbon intensity, or water temperature has a 

confidence band. Propagating these uncertainties through the 

hybrid model produces distributions for key indicators: 

energy use, emissions, water withdrawals, product quality, 

and economic returns (Giwah, et al., 2024, Ejike & 

Abhulimen, 2024, Ewim, et al., 2024, Muonde, et al., 2024). 

Controllers can then enforce chance constraints (“keep 

condenser approach ≤ 8 °C with 95% confidence”), and 

optimizers can trade expected profit against Value-at-Risk or 

Conditional Value-at-Risk, aligning plant decisions with the 

risk appetite of investors and lenders. Uncertainty 

propagation also identifies where marginal measurement 

effort yields the biggest reduction in decision risk; if 

filtration-related emissions dominate variance, it may be 

better to add a cheap temperature probe and improve a soft 

sensor than to buy an expensive analyzer elsewhere (Amini-

Philips, Ibrahim & Eyinade, 2023, Daraojimba, et al., 2023, 

Obiki-Osafielea, et al., 2023). 

Scenario analysis enlarges the canvas beyond short-term 

noise to structural uncertainty. Emerging energy economies 

face regime shifts: fuel subsidy reforms, droughts, exchange-

rate shocks, and rapid renewables build-out. The digital twin 

houses scenario libraries that perturb exogenous drivers 

electricity price and carbon intensity trajectories, water 

scarcity, feedstock cost and quality distributions, policy 

incentives and stress-test operations and project economics 

(Agballa, et al., 2024, Fasasi, Adebowale & Nwokediegwu, 

2024, Obuse, et al., 2024). Heat-integration designs are re-

evaluated under hotter ambient conditions; solvent loops are 

tested against import delays; catalyst choices are examined 

for substitute availability; and control strategies are validated 

for sensor outages. Scenarios combine with Monte Carlo 

draws to form ensembles; decisions that dominate across 

ensembles e.g., hybrid cooling in water-stressed regions, 

dual-sourcing of catalysts, or adding a modest thermal battery 

move up the priority list even if their average-case benefit is 

modest (Akinlade, Filani & Nwachukwu, 2021, Kufile, et al., 

2021). 

Risk-informed decision-making brings these elements 

together into governance that financiers and regulators can 

trust. Each operational change new set-point policy, different 

solvent, added heat pump is accompanied by a risk register: 

hazards identified, likelihoods estimated from model 

distributions, mitigations specified, and residual risks 

quantified. The same register links to performance-based 

incentives or sustainability-linked loans through measurable 

KPIs (Giwah, et al., 2023, Ibrahim, Amini-Philips & 

Eyinade, 2023, Okiye, Nwokediegwu & Bankole, 2023). If a 

project claims reduced water intensity, the twin’s MRV 

(measurement, reporting, verification) pipeline produces 

auditable trails: meter readings, soft-sensor reconciliations, 

calibration certificates, and statistical summaries with 

confidence intervals (Ayanbode, et al., 2024, Essien, et al., 

2024, Ibrahim, Amini-Philips & Eyinade, 2024, Odugbose, 

Adegoke & Adeyemi, 2024). Community stakeholders see 

simplified dashboards air-quality proxies, water withdrawals, 

jobs created that the twin updates automatically, reducing the 

suspicion that often accompanies novel technologies. 

Practicality underpins all digital choices. Hybrid models and 

twins are modular to match plant complexity; compute 

footprints are sized for industrial PCs with no need for 

hyperscale infrastructure. Edge analytics cache data and 

compute control moves locally, syncing to the cloud only 

when bandwidth allows (Atobatele, et al., 2022, Oham & 

Ejike, 2022, Okeke, et al., 2022). Cybersecurity is integral: 

segmentation, allow-lists for protocols, signed model 

packages, and immutable logs protect against tampering. 

Operator interfaces privilege clarity over cleverness: trend 

strips, constraint maps, and traffic-light risk indicators 

replace cluttered screens (Aduloju, et al., 2022, Erigha, et al., 

2022, Okiye, Nwokediegwu & Bankole, 2022). Training 

blends simulation with on-the-job drills operators practice 

responses to sensor failure, grid curtailment, and feed upsets 

in the twin before they occur on the plant. 

Because data scarcity is common, the framework embraces 

transfer learning and federated learning. Residual learners 
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trained on one plant initialize models at a sister site; only 

small updates are needed to adapt to local idiosyncrasies. In 

federated setups, plants share gradients rather than raw data, 

preserving confidentiality while pooling learning on failure 

modes, fouling dynamics, or soft-sensor architectures. This 

approach accelerates capability building across industrial 

parks or national programs without centralized data lakes that 

are difficult to govern (Amuta, et al., 2022, Ogbuagu, et al., 

2022, Oludare, Adeyemi & Otokiti, 2022). 

Finally, the digital layer is never “done.” Model management 

is explicit: versioning, validation, rollback plans, and 

periodic re-identification keep twins trustworthy. Triggers 

for re-training drift statistics, seasonal shifts, equipment 

changes are automated, and each update includes a sandbox 

period where recommendations are advisory before 

becoming authoritative. The same discipline applies to KPIs: 

if a new policy values particulate reductions more than CO₂ 

in an airshed, weights in the economic MPC and optimization 

are adjusted transparently, and historical performance is re-

scored for comparability (Eyinade, Amini-Philips & Ibrahim, 

2020, Tewogbade & Bankole, 2020). 

In combination, hybrid first-principles/data-driven modeling, 

soft sensors, and digital twins provide a resilient perception 

and prediction stack; advanced control and real-time 

optimization translate insight into safe, profitable action 

under volatility; and uncertainty quantification with scenario 

analysis embeds risk literacy into every decision. Tailored to 

the realities of emerging energy economies edge-first 

computing, modularity, graceful degradation, and transparent 

MRV these enablers turn sustainability from a planning 

narrative into daily operational fact, scaling from single pilots 

to industrial clusters while preserving safety, equity, and 

financial viability (Ajiva, Ejike & Abhulimen, 2024, 

Akintayo, Chinazo & Onunka, 2024, Chukwurah, et al., 

2024). 

 

2.4 Assessment Methods and KPIs 
Robust assessment methods and clear key performance 

indicators transform sustainability from aspiration into 

accountable practice. In emerging energy economies, the 

assessment system must be rigorous, lightweight enough for 

imperfect data environments, and comparable across 

projects, sectors, and regions (Akinlade, Filani & 

Nwachukwu, 2023, Okeke, et al., 2023, Umezurike, et al., 

2023). The backbone is life-cycle assessment coupled with 

thermodynamic and economic performance measures, 

extended with circularity and resilience metrics, and 

completed by social indicators that capture distributional 

impacts. All of this is bound together by measurement, 

reporting, and verification protocols that are auditable, 

privacy-aware, and feasible at plant scale (Agu, et al., 2024, 

Akintayo, Chinazo & Onunka, 2024, Erigha, et al., 2024, 

Jane Osareme, et al., 2024). 

Life-cycle assessment quantifies burdens from cradle to 

grave, covering upstream extraction and manufacturing, plant 

construction, operations, maintenance, and end-of-life. 

Global warming potential is reported as kg CO₂-equivalents 

per functional unit (e.g., per tonne of product), using 

regionally appropriate electricity grid factors and transport 

distances. Because grid mixes are evolving, time-sliced GWP 

is calculated for near-term (years 1–5) and medium-term 

(years 6–15) horizons under plausible decarbonization 

scenarios; this prevents over- or underestimating the benefit 

of electrification in grids that are cleaning rapidly (Filani, 

Olajide & Osho, 2022, Okeke, et al., 2022). Water indicators 

distinguish blue water consumption from withdrawals and 

include scarcity-adjusted water use to reflect local hydrology. 

Toxicity metrics (human toxicity, ecotoxicity, and 

photochemical smog formation) are retained where data 

permit; when primary data are scarce, proxy factors derived 

from material safety data and generic databases are used with 

explicit uncertainty bounds. All LCA results are 

accompanied by system boundary diagrams, allocation rules 

for co-products, and sensitivity to key assumptions (e.g., 

transport distances, solvent losses), so that decisions are not 

obscured by modeling choices (Amini-Philips, Ibrahim & 

Eyinade, 2023, Filani, Olajide & Osho, 2023, Kamau, et al., 

2023, Okare, et al., 2023). 

Cumulative exergy demand complements LCA by assessing 

resource quality, not just quantity. It tracks the total exergy 

required across the life cycle for fuels, electricity, and 

materials, exposing avoidable destruction and guiding heat 

integration and process intensification. Reporting both 

exergy input and product exergy efficiency clarifies whether 

improvements are coming from genuine thermodynamic 

gains or from boundary shifts (Fasasi, Adebowale & 

Nwokediegwu, 2024, Nwachukwu, Chima & Okolo, 2024, 

Okeke, et al., 2024). For example, replacing a fossil boiler 

with a heat pump may cut GWP sharply while slightly 

increasing exergy input if electricity is inefficiently 

generated; the exergy lens prevents perverse interpretations 

and helps target upstream improvements. Circularity is 

captured by a composite index with three pillars: input 

circularity (share of recycled/renewable feedstocks and 

utilities), process circularity (internal recirculation and 

recovery yields for solvents, catalysts, and water), and output 

circularity (design for reuse/recycling, take-back rates, and 

by-product valorization). Each pillar has a 0–1 score with 

transparent formulas; projects report both the overall index 

and the sub-scores to reveal trade-offs (e.g., high internal 

recirculation but poor end-of-life recovery) (Giwah, et al., 

2021, Nwokediegwu, Bankole & Okiye, 2021). 

Economic viability is assessed through standardized 

levelized metrics and operability KPIs. Levelized cost of 

product (LCOP) or service (e.g., cooling) is computed with 

discount rates that reflect local capital markets and currency 

risks; sensitivity to exchange rates, loan tenors, and policy 

incentives is mandatory because these factors dominate in 

emerging contexts. Reliability and availability are tracked 

with mean time between failures, mean time to repair, and 

rolling 12-month availability; these feed an “effective 

capacity factor” that discounts nameplate by downtime and 

quality off-spec (Eyinade, Ezeilo & Ogundeji, 2022, Fasasi, 

Adebowale & Nwokediegwu, 2022). Because supply chains 

and grids are volatile, resilience metrics are essential. Two 

families are reported. The first measures the ability to 

maintain output under exogenous shocks: hours of islanded 

operation per quarter without quality violations; maximum 

sustained load during grid curtailment; and buffer coverage 

(days of feedstock and spares). The second quantifies 

recovery: time to safe shutdown and time to 90% output after 

a disturbance. These indicators anchor design decisions on 

storage, hybrid utilities, and modular spares (Akinlade, Filani 

& Nwachukwu, 2023, Filani, Olajide & Osho, 2023, Okeke, 

et al., 2023). 

Social indicators convert equity and inclusion principles into 

tractable metrics. Jobs are reported by type (direct, indirect, 

induced), by skill level, and by contract quality (permanent 
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vs temporary, benefits coverage). Training hours per 

employee, certification attainment, and career progression 

statistics make workforce development visible. Inclusion is 

measured through gender and youth participation across 

roles, local procurement share (by value and by tier), and 

affordability metrics for outputs (price index vs income 

deciles). Community impact is captured by air-quality 

proxies (modeled or measured reductions in PM, NOx, SO₂), 

water access co-benefits (e.g., reclaimed water supplied to 

municipal users), and community-benefit investments tied to 

project cash flows. To avoid box-checking, each social claim 

must be linked to a traceable intervention (local hiring policy, 

scholarship program, community cooling center) with annual 

outcome audits (Atobatele, et al., 2022, Amuta, et al., 2022). 

Measurement, reporting, and verification are the glue. The 

framework defines a tiered MRV approach. Tier 1 uses direct 

metering and certified instruments for energy, water, and 

major emissions; Tier 2 relies on soft sensors and reconciled 

mass balances for qualities that are costly to measure 

continuously (e.g., solvent losses, minor pollutants), with 

periodic laboratory validation; Tier 3 employs modeled 

estimates for upstream and downstream stages using 

conservative defaults (Bankole & Lateefat, 2023, Dako, et 

al., 2023, Fasasi, Adebowale & Nwokediegwu, 2023). Every 

KPI carries a measurement tier and an uncertainty band. Data 

governance covers calibration schedules, audit trails, and data 

retention. Edge logging ensures continuity when connectivity 

fails; cryptographic signing of data packets prevents 

tampering. Reports are generated on a common cadence 

monthly for operations, quarterly for finance and social 

indicators and shared with financiers and regulators via 

dashboards that surface both performance and uncertainty 

(Amini-Philips, Ibrahim & Eyinade, 2023, Eboseremen, et 

al., 2023, Myllynen, et al., 2023). 

To make the system manageable, the framework staggers 

indicators across the project life cycle. During opportunity 

framing, simplified LCA screens (GWP and water) and rough 

LCOP bands suffice, paired with high-level social safeguards 

(no land conflicts, basic labor standards). At screening, full 

LCA scoping, preliminary exergy audits, and baseline social 

and environmental diagnostics are completed (Aduloju, et al., 

2022, Eyinade, Amini-Philips & Ibrahim, 2022, Obuse, et al., 

2022). At design, detailed LCA and exergy modeling, 

circularity scoring, and operability/resilience metrics inform 

equipment and control choices; MRV infrastructure is 

specified. At pilot and scale-up, measurement systems are 

commissioned and KPI baselines established; data pipelines 

are tested, and uncertainty reduction plans are prioritized by 

decision value (e.g., if water scarcity dominates risk, invest 

in better metering there before refining minor toxicity 

estimates). In steady operation, targets are set for each KPI 

with control charts to detect drift; deviations trigger 

structured problem-solving and, where necessary, design 

retrofits (Amini-Philips, Ibrahim & Eyinade, 2020, Essien, et 

al., 2020). 

Comparability and transferability are maintained through 

standardized functional units, boundary definitions, and 

reference scenarios. Product carbon footprints are reported 

per the relevant sector protocol and include transport to a 

defined gate. Water metrics use local scarcity factors from 

recognized sources. Circularity scores apply the same 

weighting unless a regulator prescribes alternatives. 

Economic metrics use common discounting assumptions, 

with sensitivity tables to local finance conditions. Social 

indicators follow a template aligned with well-known ESG 

frameworks but tuned to local labor and procurement 

realities. Where datasets differ in quality, the uncertainty 

bands make differences explicit rather than burying them 

(Daraojimba, et al., 2023, Kaggwa, et al., 2023, Onunka, et 

al., 2023). 

Because data and time are limited on real projects, the 

framework emphasizes decision-usefulness over 

comprehensiveness. A small set of “north-star” KPIs GWP, 

scarcity-adjusted water use, LCOP, availability, resilience 

coverage, circularity index, decent jobs created, and 

affordability are tracked on dashboards visible to plant teams, 

lenders, and communities. Secondary indicators (toxicity 

categories, exergy detail, extended social outcomes) are 

maintained in technical annexes and elevated when material 

to decisions (Ejairu, et al., 2022, Okeke, et al., 2022). The 

dashboards include explanations of drivers (e.g., “GWP rose 

due to grid intensity spike; economic MPC shifted heat pump 

to off-peak to recover next week”) so that stakeholders see 

control actions, not just outcomes. 

Uncertainty handling is integral. KPIs report point estimates 

with 5th–95th percentile ranges derived from bootstrapping, 

Monte Carlo, or Bayesian posteriors. Decisions can then 

employ chance-constraints (“approve solvent change if GWP 

reduces by ≥10% with ≥80% probability and LCOP remains 

within ±5%”) rather than brittle thresholds. Scenario overlays 

show KPI sensitivity to policy shifts (carbon price), climate 

hazards (heat waves), and market shocks (feedstock price 

spikes). This explicitly links engineering choices to risk 

appetite and finance terms, enabling sustainability-linked 

instruments whose coupons move with verified performance 

(Adeyemi, Adegoke & Odugbose, 2024, Agu, et al., 2024, 

Akintayo, Chinazo & Onunka, 2024, Onunka & Onunka, 

2024). 

Finally, the assessment system learns. Each project 

contributes anonymized parameter updates to improve 

default factors for grids, logistics, and process yields; KPI 

distributions narrow as evidence accumulates. Post-

implementation reviews compare forecast vs actual KPIs and 

document causes of variance, updating design guides and 

procurement templates. When new priorities emerge e.g., 

heightened concern for particulates in specific airsheds the 

KPI set is re-weighted transparently, and historical records 

are re-scored for continuity (Amuta, et al., 2022, Ogbuagu, et 

al., 2022). 

In combination, life-cycle metrics for climate, water, and 

toxicity; cumulative exergy demand; a transparent circularity 

index; levelized costs with reliability and resilience; and a 

compact but meaningful social indicator set, all wrapped in 

disciplined MRV, provide a common yardstick for 

sustainable chemical engineering in emerging energy 

economies. They honor real-world constraints, make trade-

offs visible, and align plant operations with policy and 

finance, turning sustainability into a measurable, verifiable 

practice that can scale (Ajayi, et al., 2023, Essien, et al., 2023, 

Fasasi, Adebowale & Nwokediegwu, 2023). 

 

2.5 Implementation Roadmap and Case Archetypes 
A practical roadmap is essential to translate principles into 

projects that can be financed, built, and operated in the 

realities of emerging energy economies. The stage-gate 

pathway begins with opportunity framing, where a small, 

cross-functional team uses minimal but decision-worthy data 

to identify candidates aligned with national priorities, 
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resource endowments, and industrial clusters (Eyinade, 

Amini-Philips & Ibrahim, 2023, Okiye, Nwokediegwu & 

Bankole, 2023, Nwachukwu, Chima & Okolo, 2023). At this 

earliest gate, simplified life-cycle screens focus on global 

warming potential and scarcity-adjusted water use, while 

ballpark levelized cost and availability checks rule out ideas 

that cannot meet policy or market constraints. Boundary 

conditions grid reliability, water stress, logistics limits, and 

skills availability are documented, and potential symbiosis 

partners are sketched (Akinlade, Filani & Nwachukwu, 2023, 

Filani, Nwokocha & Alao, 2023, Okeke, et al., 2023). The 

output is a short list of options with “reason to believe,” along 

with a high-level stakeholder map, risk register, and a 

preliminary concept for measurement, reporting, and 

verification so future claims are auditable (Eyinade, Ezeilo & 

Ogundeji, 2021, Tewogbade & Bankole, 2021). 

Screening develops these candidates into ranked concepts 

using structured trade-offs. Here, heat and mass balances, 

preliminary pinch analysis, and exergy audits identify 

leverage points; uncertainty ranges are applied to feedstock 

costs, grid carbon intensity trajectories, and policy incentives. 

The multi-criteria lens evaluates environmental, techno-

economic, and social performance, while resilience metrics 

test islanded operation, buffer sizing, and recovery after 

shocks (Eyinade, Ezeilo & Ogundeji, 2022, Ibrahim, Amini-

Philips & Eyinade, 2022). Digital enablement is sketched 

what soft sensors are feasible, which variables will be 

estimated, and where model predictive control adds value. 

Procurement options and local content opportunities are 

identified in parallel: which modules can be fabricated 

domestically, where dual-sourcing is necessary, and what 

training pathways close the skills gap (Atobatele, et al., 2022, 

Ayanbode, et al., 2023, Erigha, et al., 2023, Fasasi, 

Adebowale & Nwokediegwu, 2023). 

Design converts the screened concept into an integrated 

process and business package. Detailed process flow 

diagrams, instrument lists, and control narratives are 

produced alongside model-based operating envelopes tied to 

real-time optimization. Electrification choices are locked 

after testing scenarios for price and carbon volatility; heat 

recovery is sized for seasonal ambient swings; solvent and 

catalyst selections are justified with green metrics, 

recyclability, and supply risk analysis (Bankole, 

Nwokediegwu & Okiye, 2020, Obuse, et al., 2020). The 

resource layer is finalized: feedstock contracts with 

variability clauses, water loops with quality targets, and 

symbiosis interconnects with metering and settlement. 

Governance hooks LCA plans, energy management systems, 

safety studies, and social inclusion commitments are 

embedded in the specification and vendor scopes. A 

performance-linked MRV plan is finalized so financiers can 

structure sustainability-linked terms (Filani, Olajide & Osho, 

2022, Okeke, et al., 2022). 

Pilot focuses on technical and organizational learning, not 

just proof of concept. Skid-mounted units or brownfield 

retrofits operate across representative conditions to validate 

yields, uptime, fouling behavior, and control performance. 

Data pipelines are exercised end-to-end: meters, soft sensors, 

calibration, dashboards, and audit trails. Operator training is 

delivered using the digital twin, and maintenance routines are 

rehearsed with real spares. The pilot closes uncertainty on the 

few variables that dominate risk often feedstock variability, 

catalyst life, or water quality tolerance so scale-up is de-

risked (Adeyemi, et al., 2021, Amuta, et al., 2021). 

Scale-up packages the proven design into replicable modules 

with procurement templates, commissioning checklists, and 

vendor qualification criteria. Financing structures are 

finalized with blended capital concessional tranches to absorb 

early risk, commercial debt anchored by offtake contracts, 

and sustainability-linked loans whose coupons step down as 

verified KPIs improve. Local content is operationalized via 

vendor development, standard drawings for skids and pipe 

spools, and certification programs for technicians. Grid and 

water interconnects are sequenced to avoid stranded assets, 

and cluster-level symbiosis agreements are executed with 

transparent allocation rules (Amini-Philips, Ibrahim & 

Eyinade, 2023, Okare, et al., 2023, Onunka, et al., 2023). 

Continuous improvement is institutional. Control charts track 

KPIs; anomaly detection flags drift; root-cause analyses feed 

design revisions and vendor feedback. The framework’s 

archetypes are updated with field data to improve default 

assumptions and narrow uncertainty ranges. Performance-

based incentives and community-benefit agreements are 

recalibrated with real outcomes, reinforcing trust (Adegoke, 

Odugbose & Adeyemi, 2024, Ajayi, et al., 2024, Dako, et al., 

2024, Fasasi, Adebowale & Nwokediegwu, 2024). 

Within this roadmap, archetypes provide packaged patterns 

that accelerate execution. A green-hydrogen-to-ammonia or 

methanol platform with CO₂ utilization starts with an 

electrolyzer sized to the local power profile, backed by hybrid 

power if the grid is weak. Oxygen is valorized for wastewater 

or steel, and low-temperature heat is recovered into 

absorption chilling for storage or buildings. Ammonia 

synthesis uses modular reactors and electrified compression, 

with dynamic operation coordinated by economic MPC to 

track tariffs and carbon intensity signals (Amini-Philips, 

Ibrahim & Eyinade, 2023, Bankole, Nwokediegwu & Okiye, 

2023, Okeke, et al., 2023). Methanol routes pair captured 

CO₂ from cement or fertilizer plants with green H₂, using 

flexible reactor control to handle CO₂ purity swings. MRV 

covers power sources, electrolyzer efficiency, product carbon 

intensity, and oxygen co-product flows; financing may blend 

concessional capital for electrolyzers with sustainability-

linked debt tied to verified carbon intensity thresholds 

(Alogala, et al., 2023, Eyinade, Ezeilo & Ogundeji, 2023, 

Ikwue, et al., 2023). 

A biomethane plus combined heat and power archetype 

begins upstream with waste aggregation: agricultural 

residues, manure, and food waste are co-digested, with pre-

processing modules that standardize solids content and 

remove contaminants. Biogas is upgraded via membranes or 

water wash, chosen by water stress and electricity price. CO₂ 

from upgrading is compressed for local use or fed to a 

methanation or greenhouse loop (Eyinade, Ezeilo & 

Ogundeji, 2022, Nwokediegwu, Bankole & Okiye, 2022). 

CHP provides heat and electricity to a cluster, with thermal 

storage to ride through curtailments. Digestate is treated for 

nutrient recovery, closing the loop with agriculture. Soft 

sensors estimate methane content and fouling; MPC 

coordinates CHP dispatch with tariff windows; MRV verifies 

avoided methane emissions, nutrient recycling, and local air-

quality improvements. Financing can tap results-based 

climate funds for methane abatement and performance-based 

utility contracts for firm heat and power (Dako, et al., 2023, 

Eyinade, Ezeilo & Ogundeji, 2023, Lateefat & Bankole, 

2023). 

Low-temperature heat recovery, often the fastest win, maps 

waste heat across a plant or park and lifts it with heat pumps 
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or absorption chillers. The archetype emphasizes modularity: 

standardized skids, simple controls, and redundancy so 

maintenance does not stall operations. Water stress dictates 

air-cooled or hybrid solutions; ambient seasonality is built 

into capacity planning. Real-time optimization shifts cooling 

loads to off-peak hours and arbitrages chilled-water storage 

against dynamic electricity prices. MRV focuses on metered 

heat recovered, electricity consumed, and service provided 

(cooling or process heat), producing simple, auditable 

numbers for sustainability-linked incentives (Aduwo & 

Nwachukwu, 2019, Erigha, et al., 2019). 

Mineralization and brine-to-minerals is a circularity 

archetype. Alkaline wastes from cement, steel, or fly ash 

react with CO₂ to form stable carbonates, while brines from 

desalination or produced water are treated to recover 

magnesium, lithium, or other salts. The archetype configures 

reactors for robust solid–liquid handling, selects solvents or 

chelators with low toxicity and high recyclability, and 

includes washing and dewatering lines designed for local 

water scarcity (Alao, Nwokocha & Filani, 2023, Kufile, et al., 

2023, Okeke, et al., 2023). Products aggregates, specialty 

minerals are specified to standards that enable offtake. Soft 

sensors estimate ion concentrations; exergy and LCA ensure 

that resource quality gains exceed processing burdens. 

Financing may blend industrial partner equity with circular-

economy grants; local fabrication of tanks, conveyors, and 

control panels advances content goals (Abioye, et al., 2023, 

Atobatele, et al., 2023, Ejairu, et al., 2022, Okeke, et al., 

2023). 

Financing and procurement span the roadmap and 

archetypes. Blended finance arranges concessional equity or 

guarantees to absorb early technical and policy risks, 

unlocking commercial debt and local currency tranches 

where possible to reduce FX exposure. Sustainability-linked 

instruments peg coupon step-downs to verified KPI 

improvements carbon intensity, water use, circularity, and 

availability creating continuous incentives to operate 

efficiently and maintain MRV integrity (Akinrinoye, et al., 

2021, Ejike & Abhulimen, 2021). Procurement is modular 

and performance-based: functional specifications define 

outcomes (heat recovered, product purity, availability) rather 

than prescriptive designs, allowing vendors to innovate while 

meeting MRV and safety requirements. Framework 

agreements for standardized skids reduce transaction costs; 

dual-sourcing and approved-equivalent clauses prevent lock-

in and reduce downtime risk. Vendor development programs 

and joint certification with technical institutes build local 

capacity to fabricate, install, and maintain equipment, 

steadily increasing domestic value added without 

compromising safety or performance (Adeyemi, et al., 2021, 

Amuta, et al., 2021). 

Localization is pursued with discipline. A localization plan 

identifies components with feasible learning curves structural 

steel, piping, cable trays, instrument supports, simple heat 

exchangers, and packaged MCCs and sets progressive targets 

tied to quality audits and safety records. Complex items 

electrolyzer stacks, high-spec membranes, specialty catalysts 

remain imported initially, with knowledge transfer focused 

on installation, commissioning, and maintenance 

(Abhulimen & Ejike, 2024, Ibrahim, Amini-Philips & 

Eyinade, 2024, Nwachukwu, Chima & Okolo, 2024). 

Training is embedded in contracts: vendor-led programs for 

operators and technicians, simulation-based drills with the 

digital twin, and apprenticeship pipelines. Community 

engagement is linked to tangible co-benefits cooling centers 

served by waste-heat chillers, reclaimed water for local use, 

or job training scholarships measured and reported through 

the same MRV backbone that underpins finance (Giwah, et 

al., 2023, Ibrahim, Amini-Philips & Eyinade, 2023). 

By threading a disciplined stage-gate pathway with templated 

archetypes, fit-for-purpose finance, modular procurement, 

and targeted localization, the implementation roadmap 

converts sustainability from project rhetoric into a 

reproducible operating model. The architecture’s layers 

process, resource, governance remain visible at every gate, 

and digital enablers ensure that uncertainty is quantified and 

managed rather than ignored. The result is a portfolio of 

projects that reach financial close, deliver verified 

environmental and social performance, and can be scaled 

across regions with adaptations keyed to local grids, water, 

feedstocks, and skills (Fasasi, et al., 2020, Giwah, et al., 

2020). 

 

3. Conclusion 
The conceptual framework presented here translates 

sustainability from aspiration into engineered practice, 

yielding measurable gains in efficiency, reliability, and 

equity while aligning with policy and finance instruments 

that can catalyze deployment in emerging energy economies. 

By coupling electrification, heat integration, process 

intensification, and green solvent/catalyst selection with 

resource portfolios and governance levers, the framework is 

expected to reduce life-cycle greenhouse gas emissions, 

lower scarcity-adjusted water use, and raise circularity 

indices, all while improving availability and resilience under 

grid and feedstock volatility. These outcomes dovetail with 

results-based incentives, sustainability-linked loans, and 

budget tagging: verified improvements in product carbon 

intensity, water intensity, and uptime directly unlock 

concessional capital and coupon step-downs, turning 

performance into bankability rather than compliance 

overhead. 

For industry, the implications are practical and immediate. 

Stage-gated decision rules, templated archetypes, and digital 

enablers shorten time-to-FID, de-risk procurement, and 

stabilize operations with soft sensors and model-predictive 

control that respect local data and skills constraints. Plants 

can be commissioned with modular MRV packages that 

satisfy lenders and regulators, while dashboards unify LCA, 

exergy, cost, reliability, resilience, and social indicators for 

transparent trade-offs. For regulators, the framework supplies 

a common yardstick functional units, boundary definitions, 

and uncertainty bands so that standards, incentives, and 

public procurement can be aligned with verifiable outcomes 

rather than technology prescriptions. It also embeds just-

transition checkpoints that tie permits and incentives to local 

jobs, training, and affordability, strengthening social license 

and policy durability. 

Limitations remain. Parameter and data scarcity can widen 

uncertainty bands, and supply-chain fragility may delay high-

spec equipment, challenging intensified designs. Operator 

upskilling and sustained maintenance are preconditions for 

digital gains; without them, advanced control can become 

brittle. Future work should strengthen automation and AI 

control in ways that are robust to intermittency and sparse 

sensing hybrid models with online learning, risk-aware 

economic MPC, and federated transfer learning across 

industrial parks while preserving safety and auditability. 
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Regional replication needs a living library of archetype 

“switch settings” keyed to grid carbon intensity, water stress, 

and policy context, plus open templates for contracts, MRV, 

and training. With these extensions, the framework can scale 

from pilots to portfolios, aligning industrial growth and 

energy access with credible decarbonization and shared 

prosperity. 
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