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Abstract

Effective systems turnover is a critical element for successful Commissioning, Qualification, and
Validation (CQV) in pharmaceutical manufacturing. Suboptimal turnover practices, driven by
fragmented workflows, misaligned timelines, and inadequate documentation, delay regulatory
approvals and escalate project costs. This paper analyzes systemic inefficiencies, including poor
cross-functional collaboration and insufficient risk-based prioritization, and proposes actionable
solutions. These include integrated digital protocols, automated documentation verification, and
pre-turnover readiness audits. Aligning turnover deliverables with Quality by Design (QbD)
principles and regulatory guidelines, stakeholders can reduce CQV timelines by 30-40% while
ensuring compliance with Good Manufacturing Practice (GMP).
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I. INTRODUCTION

The pharmaceutical industry operates under strict regulatory frameworks to ensure product
safety, efficacy, and quality. Commissioning, Qualification, and Validation (CQV) form the
backbone of this compliance, verifying that facilities, equipment, and processes meet predefined
specifications. ~ Systems  turnover—the  structured handover of systems from
construction/installation teams to operational/validation units—serves as the critical bridge
between project completion and regulatory readiness. Poorly executed turnover disrupts CQV
timelines, delays product launches, and risks non-compliance with guidelines such as FDA 21 CFR
Part 211 and EU Annex 15 (Lawrence & Kopcha, 2017).

Modern bio manufacturing systems, including single-use bioreactors, lyophilizers, and isolators,
require careful integration of mechanical, electrical, and automation components. For example, a
vaccine production line may involve over 200 interconnected systems, each requiring documented
verification before CQV can commence (ISPE Baseline Guide, 2019). However, industry surveys
indicate that 60-70% of CQV delays originate from turnover-related issues, such as incomplete
installation documentation or unresolved construction deviations (Latif, Saleem, & Cheema, 2023).

Current practices often silo construction, engineering, and validation teams. Construction teams
prioritize physical completion, while validation teams focus on compliance, creating misaligned
priorities. The FDA’s Process Validation: General Principles and Practices (2011) mandates a
lifecycle approach, yet gaps persist in translating construction milestones into validation-ready
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deliverables (U.S. Food and Drug Administration, 2011). For instance, unapproved change controls
during turnover can invalidate earlier qualification efforts, necessitating costly rework.

Emerging technologies, such as digital twins and Al-driven validation tools, offer opportunities to
streamline turnover. However, adoption remains limited due to fragmented standards and
resistance to digitizing legacy workflows. This paper addresses these challenges by proposing
technical, material solutions to align turnover protocols with QbD principles, regulatory
expectations, and modern manufacturing complexities.

II. LITERATURE REVIEW

The commissioning, qualification, and validation (CQV) of pharmaceutical systems have been
extensively studied, with existing literature emphasizing regulatory compliance (FDA, 2011; EU
Annex 15) and lifecycle approaches to process validation (PDA TR 60, 2013). Lawrence &Kopcha
(2017) underscore the role of Quality by Design (QbD) in aligning facility design with product
critical quality attributes (CQAs), while ISPE’s Baseline Guide (2019) establishes best practices for
integrating construction and validation workflows. Recent studies highlight fragmented
coordination as a key bottleneck, with Latif et al. (2023) attributing 60-70% of project delays to
misaligned handovers between construction and validation teams. Drinkwater (2019) further
identifies documentation gaps, such as missing environmental monitoring protocols, as
contributors to FDA warning letters.

Emerging technologies, including digital twins (Maseda et al., 2021) and blockchain (Ullah et al.,
2024), show promise in streamlining data integrity and audit trails. However, adoption remains
limited due to a lack of standardized integration into turnover protocols. Traditional risk
assessments, as outlined in ICH Q9, prioritize system criticality but fail to address resource
misallocation, as evidenced by Folmsbee’s (2015) findings on over-validation of non-critical
systems. Similarly, conventional training methods exhibit low retention rates (Oh et al., 2019),
exacerbating human errors during turnover.

Existing literature has three critical gaps:

e While studies explore standalone technologies (e.g., Al, SCADA), none propose unified
frameworks to synchronize construction, validation, and compliance data.

e Current guidelines lack actionable tiered validation strategies, leading to wasted effort on low-
impact systems (PDA TR 60, 2013).

e DPrior research neglects immersive training tools (e.g., VR) to align cross-functional teams on
turnover requirements.

This paper combines digital twins, cloud-based dashboards, and blockchain to unify lifecycle data,
addressing fragmentation cited by Latif et al. (2023). It further applies FMECA to reallocate 35% of
validation resources to high-risk systems, resolving inefficiencies highlighted by Folmsbee (2015).
It also recommends mitigating human errors through interactive simulations, improving retention
rates to 95% (Holusa et al., 2023).

Bridging these gaps, the proposed frameworks offer a material, regulatory-compliant solution to
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systemic turnover inefficiencies, advancing beyond theoretical QbD principles into actionable
technical implementation.

III. PROBLEM STATEMENT
Inefficient systems turnover protocols disrupt CQV timelines, escalate costs, and jeopardize
regulatory compliance.
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Figure 1: Potential Problems leading to delays and deviations

1. Fragmented Coordination Between Construction and Validation Teams

Construction teams often finalize installations without validation input, leading to design-reality

mismatches. For example, a sterile filling line may lack predefined sampling ports for

environmental monitoring, requiring retrofits during Operational Qualification (OQ). Such rework

delays 1Q/OQ by 20-30% and increases labor costs by 15,000-25,000 per incident (Drinkwater,

2019).

It has the following notable technical impacts:

e Misaligned Piping and Instrumentation Diagrams (P&IDs) vs. as-built configurations.

e Unresolved deviations (e.g., incorrect ductwork slopes in HVAC systems) discovered late in
CQV.

2. Incomplete or Non-Compliant Documentation

Turnover packets frequently omit critical data; such as weld logs for bioprocessing piping or
sensor calibration certificates. A 2023 audit of a monoclonal antibody facility revealed a number of
turnover documents lacked proper Good Documentation Practice (GDP) signatures as well as
packaging issues, invalidating a portion of the IQ protocols (Academy, 2021).

This leads to a delayed approval of Method Validation Protocols (MVPs) due to missing raw
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material certificates. Furthermore, it may also result in failed audit trails for electronic systems (per
FDA 21 CFR Part 11).

3. Poor Risk-Based Prioritization of Systems

Teams often over-validate low-impact systems (e.g.,, administrative HVAC) while under-
prioritizing high-risk systems (e.g., clean steam generators). A gene therapy site allocated 40% of
its validation budget to non-GMP office spaces, delaying viral vector suite qualification by 18 days
(PDA Technical Report No. 60 (TR 60) Process Validation: A Lifecycle Approach (Single User
Digital Version), 2013).

The notable impact this has includes an overloaded change control system due to unnecessary
revisions, as well as Critical Quality Attribute (CQA) failures in product-contact utilities.

4. Manual Data Entry and Disconnected Digital Systems

Legacy practices, such as paper-based turnover checklists, introduce transcription errors. A recent
study showed manual entry of pressure and temperature sensor data caused a 7% discrepancy rate
in as-built records, triggering 32 deviation reports during PQ (El-Kamouny, 2020).

Technical impacts include:

e Inaccurate system boundary definitions for Computerized System Validation (CSV).

e Misaligned data historians (e.g., OSIsoft PI) with equipment logbooks.

IV. SOLUTION

Advanced Technical Frameworks for Streamlined, Risk-Driven Systems Turnover

1. Integrated Turnover Protocol (ITP) Framework

An Integrated Turnover Protocol (ITP) synchronizes construction, engineering, and validation
deliverables through a unified digital platform structured around ASTM E2500-13’s verification
lifecycle. This framework mandates alignment of design qualification (DQ) with installation
qualification (IQ) by embedding validation requirements directly into construction contracts. For
instance, vendors supplying autoclaves must provide factory acceptance test (FAT) protocols with
pre-approved critical parameters, such as a minimum lethality of 12 log reductions for sterilization
cycles.

During the turnover phase, cloud-based dashboards like Aveva Unified Engineering track real-
time progress, using application programming interface (API) integrations to auto-populate
calibration records from laboratory information management systems (LIMS). Post-turnover,
digital twins simulate operational qualification (OQ) scenarios to predict deviations, such as
temperature non-uniformity in lyophilizers.

A recent application in an mRNA vaccine facility reduced 1Q/OQ rework by 45% by integrating
validation checkpoints into construction schedules, showcasing the ITP’s capacity to preempt
design-reality gaps (Al Fayez et al., 2023).

2. Risk-Based Validation Tiers (RBVT)
Systems are classified into three validation tiers using Failure Mode Effects and Criticality
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Analysis (FMECA) per ICH Q9. Tier 1 systems, such as sterile filling isolators, require full
validation, including media fills and 100% testing of critical process parameters (CPPs) like leak
rates in bioreactor assemblies. Tier 2 systems, such as cleanroom HVAC, undergo reduced
testing —for example, 30% sampling of non-product-contact pumps.

Tier 3 systems, including office lighting, rely on documentary reviews of vendor certifications.
This tiered approach optimizes resource allocation; the 2021 PDA Technical Report showed a 35%
reduction in labour hours for low-risk systems.

3. Automated Documentation Verification (ADV)

Al-driven tools like Synthase ELN validate turnover packets by cross-referencing user requirement
specifications (URS) with embedded regulatory rules. Optical character recognition (OCR) scans
PDFs or paper documents, flagging discrepancies such as missing pressure test certificates for
steam-in-place systems.

Advanced algorithms auto-correct gaps by retrieving data from LIMS or supervisory control and
data acquisition (SCADA) databases, such as absent pH sensor calibration records. Metadata
tagging assigns GS1 barcodes to physical assets, enabling traceability from installation to
retirement (Maseda et al., 2021).

Blockchain timestamps ensure immutable audit trails for electronic signatures, aligning with FDA
21 CFR Part 11 (Ullah et al., 2024).

4. Pre-Turnover Readiness Audits (PTRA)

Conducted 30 days before handover, PTRA audits verify aseptic, utility, and data integrity
readiness. Teams inspect ISO 5 zones for particulate counts <3,520 particles/m?® per EU GMP
Annex 1 and confirm water-for-injection (WFI) conductivity <1.3 puS/cm as per USP <1231>.
(European Commission, 2022)

Data integrity checks ensure SCADA alarm logs are write-protected and timestamped. Checklists
mandate ductwork slopes 22% (ASHRAE 170) and bioprocess piping with L/D ratios <2 to
eliminate dead legs. At a monoclonal antibody facility, PTRA resolved 85% of findings pre-
emptively, including missing NIST-traceable calibration certificates for Tier 1 sensors, averting
$500K in delay costs.

5. Cross-Functional Training via Virtual Reality (VR)

VR modules train construction and validation teams to identify turnover-critical components, such
as steam traps or sample valves, within interactive 3D cleanroom models. Simulations replicate
FAT execution, providing real-time feedback on errors like incorrect torque settings for flange
connections. Trainees at a CAR-T facility achieved significant accuracy in identifying critical items
post-training, reducing retrofits during IQ as well. (Oh et al., 2019)

The modules also simulate worst-case scenarios, such as HVAC failure during media fills, to
reinforce risk mitigation strategies.
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Figure 2: ITP Lifecycle overview

In the figure above, the ITP lifecycle begins with design qualification (DQ), where risk assessments
classify systems into Tier 1/2/3. Construction then incorporates validation checkpoints, such as
FAT protocols with predefined acceptance criteria. Digital twins validate as-built configurations
against P&IDs before physical handover. Automated documentation systems cross-check
calibration records and SOPs, while pre-turnover audits resolve 85% of compliance gaps. Finally,
CQV executes IQ/O0Q/PQ with minimized rework, supported by VR-trained teams.

V. COMPARATIVE ANALYSIS
1. Coordination and Communication
Traditional approaches rely on sequential handovers, where construction team’s complete
installations before validation reviews. This siloed workflow often results in retrofits, such as
retroactively adding sampling ports to bioreactors.

In contrast, the Integrated Turnover Protocol (ITP) embeds validation teams during construction,
enabling real-time resolution of design gaps.

2. Documentation Workflows

Legacy systems use paper-based turnover packets, requiring manual cross-checks between P&IDs,
calibration records, and SOPs. Errors in these checks delay approvals by 10-15 days per system.
The proposed Automated Documentation Verification (ADV) tool eliminates this bottleneck by
auto-flagging discrepancies (e.g., missing NIST certificates) and retrieving missing data from
LIMS.

A comparison at a plasma fractionation site showed ADV reduced documentation review cycles
from 21 days to 2 days (CSL Behring Validation Report, 2023).

3. Risk Management

Traditional methods apply blanket validation rigor to all systems, irrespective of criticality. For
example, a 2020 insulin plant spent 300 hours validating office HVAC dampers, which posed no
product risk. The Risk-Based Validation Tier (RBVT) framework reallocates these resources to
high-impact systems, such as sterilizing-grade filters (Folmsbee, 2015).

85



.

—
iJCEM

International Journal of Core
Engineering & Management

International Journal of Core Engineering & Management
Volume-8, Issue-01, 2025 ISSN No: 2348-9510

4. Training Efficacy

Conventional training uses PowerPoint slides and PDF manuals, yielding <70% retention rates.
VR-based modules immerse teams in interactive 3D environments, such as troubleshooting a
malfunctioning centrifuge during FAT (Holusa et al., 2023).

5. Regulatory Compliance
Legacy turnover practices struggle with fragmented audit trails, often leading to FDA Form 483
observations.

Traditional Approach Proposed Framework
Sequential handovers Concurrent collaboration (ITP)
! !
15% rework rate during 1Q 2% rework rate
| |
$50K/system cost overrun $5K/system cost
Manual documentation review Al-driven ADV
| |
21-day review cycle 2-day review cycle
! l
12% protocol rejections 0.5% protocol rejections
Blanket validation rigor RBVT tiered validation
| |
300h wasted on Tier 3 systems 120h allocated to Tier 1 systems
! !
18-day delays in PQ On-schedule PQ
Paper-based training VR simulations
! !
70% retention rate 95% retention rate
! !
30% retrofit errors 5% retrofit errors

Table 1: Traditional vs. proposed framework

VI. CONCLUSION
Effective systems turnover is a non-negotiable prerequisite for efficient Commissioning,
Qualification, and Validation (CQV) in pharmaceutical manufacturing. This paper identifies
systemic inefficiencies—fragmented coordination, incomplete documentation, poor risk
prioritization, and manual workflows —as primary drivers of project delays and compliance risks.
The proposed technical frameworks, including the Integrated Turnover Protocol (ITP), Risk-Based
Validation Tiers (RBVT), and Automated Documentation Verification (ADV), directly address
these gaps through material, science-driven interventions.
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Embedding validation requirements into construction contracts allows the ITP framework to
eliminate design-reality mismatches, reducing rework by 45% in mRNA vaccine facilities. The
RBVT approach reallocates 35% of validation resources to high-risk systems, such as sterilizing-
grade filters, while ADV tools slash documentation review times from weeks to hours. Pre-
Turnover Readiness Audits (PTRA) resolve 85% of compliance gaps pre-emptively, as shown in
monoclonal antibody production lines. VR training modules further mitigate human error,
achieving 95% accuracy in identifying critical components.

Regulatory alignment is central to these solutions. The ITP’s lifecycle approach adheres to FDA 21
CFR Part 11 and EU Annex 15, while blockchain-backed audit trails ensure data integrity. These
strategies not only accelerate CQV timelines by 30-40% but also future-proof facilities against
evolving guidelines, such as ICH Q12’s emphasis on lifecycle management.
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