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Cleaning as a Service (CaaS) Operating Architecture for Large-Scale Campuses
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Executive Summary



Large-scale campuses are entering a new phase of facility management
transformation. Traditional cleaning models—largely dependent on manual labor
and fragmented supervision—are increasingly unable to meet modern requirements
for hygiene quality, operational transparency, sustainability, and cost control.

This white paper introduces Cleaning as a Service (Caa$S) as a fundamentally
different operating paradigm. CaaS replaces labor-centric cleaning with an
outcome-based service model delivered through autonomous robotic fleets,
integrated data platforms, and digital twins.

Rather than purchasing labor hours or equipment units, campus operators procure
measurable cleanliness outcomes, continuously verified through data and sensor
evidence. This shift aligns incentives, reduces operational risk, and converts
cleaning from a cost burden into a controllable, optimizable service layer.

The paper provides a comprehensive framework covering:
¢ Economic and organizational foundations
¢ Ecosystem-level strategy and governance
¢ Autonomous system architecture
¢ Digital twin-driven operations
¢ Financial logic and lifecycle value

¢ Implementation and compliance considerations

1. Introduction: The Fourth Evolution of Facility Management
1.1 From Cost Center to Strategic Infrastructure

Historically, cleaning has been treated as a necessary operational expense, focused
on maintaining basic hygiene standards. In modern campuses, however,
cleanliness directly affects brand reputation, occupant satisfaction, asset longevity,
regulatory compliance, and ESG performance.

As service-oriented business models mature, cleaning is transitioning from a labor-
driven activity to an outcome-driven operational service. This evolution mirrors
broader shifts in infrastructure management, where value is measured by results
rather than inputs.

1.2 Why Large Campuses Are Different



Large campuses present structural complexity that traditional automation cannot
adequately address:

e Diverse spatial environments with varying constraints

e Highly dynamic human traffic patterns

e« Non-standard contamination events

e Long-tail scenarios requiring contextual understanding

These characteristics demand a system-level approach that integrates technology,
operations, and contractual design.

2. Economic and Organizational Foundations of CaaS
2.1 Outcome-Based Service Models

CaaS is the mature form of product-service systems in facility management. Under
this model:

e The service provider is accountable for results, not effort
¢ Performance is objectively measured and auditable
o Technology selection and optimization remain the provider’s responsibility

This structure incentivizes continuous improvement rather than minimum
compliance.

2.2 Eliminating Information Asymmetry

Traditional cleaning suffers from limited visibility into actual effort and quality.
Supervisory overhead is high, and performance variability is unavoidable.

Autonomous systems fundamentally change this condition. Every operation
generates traceable data, enabling transparent verification of coverage, frequency,
and effectiveness. As a result, contracts can be enforced based on observable
outcomes rather than trust or manualinspection.

2.3 Institutional and ESG Alighment
CaaS adoption is reinforced by institutional pressures, including:

e Sustainability and ESG reporting requirements



e Smart campus and smart city initiatives
¢ Demand for traceable, auditable operations

Digital, low-energy, data-driven cleaning systems align naturally with these
frameworks.

3. Ecosystem Strategy and Governance
3.1 Multi-Stakeholder Operating Environment
A CaaS ecosystem typically includes:

e Autonomous system manufacturers

e Service operators

e Campus owners and managers

e Occupants and end users

Effective governance depends on aligning incentives across these stakeholders
rather than optimizing any single party.

3.2 Data as a Shared Strategic Asset

Operational data enables optimization, predictive maintenance, and service quality
improvement. When data access is restricted, system performance stagnates.
When governed through fair commercial mechanisms, data sharing improves
outcomes for all participants.

3.3 Interoperability as a Design Principle

In multi-vendor environments, closed systems lead to inefficiency and congestion.
Campus owners must therefore act as system architects, mandating
interoperability standards in procurement and contracts.

This shifts the ecosystem from fragmented competition toward coordinated
efficiency.

4. Autonomous Cleaning System Architecture

4.1 Collaborative Robotic Fleets



CaaSrelies on fleets of specialized robots rather than single-purpose machines.
Different units handle different cleaning tasks while coordinating dynamically at the
system level.

Centralized learning combined with decentralized execution ensures scalability,
robustness, and resilience to local failures.

4.2 Semantic Understanding and Human Interaction

Modern systems incorporate visual and contextual understanding, enabling robots
to:

¢ Differentiate contamination types

e Adapt behavior to environment and priority

e Respond to natural language instructions from staff
This capability is essential for real-world, non-standard scenarios.
4.3 Predictive Maintenance and Reliability

Continuous monitoring of robotic systems allows early detection of anomalies and
proactive maintenance. This minimizes downtime and extends equipment life
without increasing human workload.

5. Digital Twin-Driven Operations
Digital twins serve as the control and coordination layer of CaaS.

By integrating traffic patterns, environmental conditions, historical data, and real-
time feedback, digital twins enable demand-driven cleaning, replacing rigid
schedules with adaptive deployment.

Integration with building information systems ensures that physical and digital
representations of the campus remain synchronized.

6. Financial Logic and Lifecycle Value

6.1 Operating Expenditure over Capital Expenditure



CaaS converts large upfront investments into predictable service expenses. This
improves financial flexibility, reduces obsolescence risk, and aligns costs with
actual usage.

6.2 Total Cost of Ownership Perspective

When labor inflation, supervision costs, quality variability, and scalability limitations
are considered, autonomous service models demonstrate superior lifecycle value—
particularly in large, continuously operating campuses.

CaaS also embeds optionality, allowing capacity to scale up or down without long-
term staffing commitments.

7. Implementation and Compliance
7.1 Human-Robot Collaboration

CaaS redefines human roles rather than eliminating them. Robots handle repetitive,
high-frequency tasks, while humans focus on supervision, exception handling, and
high-touch activities.

This transition increases productivity and elevates job value.
7.2 Standards-Based Performance Verification

Obijective cleanliness standards and automated data collection make outcome-
based contracts enforceable and auditable. Quality management shifts from
periodic inspection to continuous verification.

Conclusion

Cleaning as a Service represents a structural transformation of facility
management.

It aligns incentives, improves transparency, reduces operational risk, and delivers
measurable outcomes at scale. As autonomous systems and digital twins mature,
CaaS will become a foundational layer of smart campus infrastructure—extending
beyond cleaning into continuous environmental sensing and optimization.



