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ABSTRACT

Background: Pharmaceutical preparation and manufacturing activities generate substantial solvent-
driven waste and consume considerable energy, particularly in settings where controlled environments,
sterilization, and repeated cleaning cycles are routine. Green chemistry offers source-reduction strategies
that may lessen these burdens, yet causal evidence from real-world hospital pharmacy production
settings remains limited. Objective: To evaluate the efficacy of a structured green chemistry bundle in
reducing waste generation and energy consumption during routine pharmaceutical preparation in a
tertiary-care hospital setting. Methods: A pragmatic parallel-group randomized controlled trial was
conducted in Faisalabad, Pakistan, using 120 eligible production runs as the unit of randomization, with
60 runs allocated to standard practice and 60 to a predefined green chemistry bundle. The intervention
incorporated solvent substitution and minimization, streamlined work-up and cleaning steps, and
energy-efficiency measures within validated operational constraints. Primary outcomes were total waste
per run and energy use per run, while secondary outcomes included a PMI-aligned material-efficiency
indicator and routine quality markers. Results: The intervention reduced total waste from 23.88 to 19.23
kg/run (mean difference -4.64; 95% CI -6.34 to -2.94; p<0.001) and energy use from 94.39 to 80.09
kWh/run (mean difference -14.31; 95% CI -19.61 to -9.00; p<0.001). The PMI-aligned indicator also
improved from 136.6 to 118.2 (mean difference -18.35; 95% CI -28.86 to -7.85; p<0.001). Quality failures
and rework did not increase. Conclusion: A structured green chemistry bundle can reduce solvent-
dominated waste, lower energy demand, and improve material-efficiency performance in hospital
pharmaceutical preparation without measurable deterioration in routine quality outcomes. Keywords:
green chemistry, pharmaceutical manufacturing, hospital compounding, waste minimization, solvent
selection, process mass intensity, energy efficiency, randomized controlled trial, hospital pharmacy,
Pakistan.

INTRODUCTION

Pharmaceutical manufacturing is among the most material- and energy-intensive domains within the
chemical and healthcare sectors because the preparation of drug products commonly requires multistep
processing, repeated solvent use, stringent purification, controlled environmental conditions, and high-
quality assurance thresholds. These operational realities contribute to substantial waste generation, high

utility demand, and broader environmental burdens that include hazardous releases, greenhouse-gas
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emissions, and resource depletion. In pharmaceutical systems, solvent consumption is particularly
important because solvents often account for a large share of total material throughput and waste,
especially when repeated washing, extraction, purification, and cleaning cycles are embedded in routine
workflows. Consequently, improving the environmental performance of pharmaceutical production
requires interventions that target waste generation and energy demand at their source rather than
relying only on downstream disposal measures (1-4).

Green chemistry provides a practical framework for achieving this objective by redesigning products
and processes to minimize hazard, reduce waste, improve material efficiency, and lower energy
consumption. The field has evolved from conceptual principles into applied operational strategies
supported by solvent selection guides, green metrics, and process redesign methods that allow
sustainability to be assessed alongside cost, quality, and productivity. Within pharmaceutical practice, the
most influential green approaches have included solvent substitution, solvent minimization, reduction
in unnecessary work-up steps, adoption of more efficient transformations, and optimization of heating,
cooling, and other utility-intensive operations. Quantitative tools such as the E-factor and process mass
intensity have further enabled manufacturers to translate sustainability into measurable performance
indicators, thereby linking environmental improvement to operational efficiency and economic value
(1,3,5-9).

Although much of the literature on green pharmaceutical production originates from industrial active
pharmaceutical ingredient manufacturing, the same principles are highly relevant to hospital-based
pharmaceutical preparation and compounding services. Tertiary-care hospital pharmacies routinely
perform preparation, cleaning, sterilization, storage, and controlled-environment operations that
consume electricity, generate solvent-containing and aqueous waste streams, and require repeated use
of chemical auxiliaries. In low- and middle-income settings, these burdens may be amplified by
infrastructure constraints, limited waste-treatment capacity, variable energy efficiency, and the need to
balance sustainability with uninterrupted clinical service delivery. In Pakistan, where healthcare waste
management and environmentally responsible disposal remain persistent concerns, hospital pharmacy
operations represent an important yet understudied site for practical green intervention because even
moderate improvements in solvent stewardship and energy use may yield meaningful environmental
and operational benefits at scale (10-14).

Existing evidence strongly supports the theoretical and practical value of greener pharmaceutical
processing, but much of this evidence is derived from case studies, retrospective audits, route-
comparison exercises, lifecycle assessments, or industrial process demonstrations. These designs are
useful for feasibility and benchmarking, yet they offer limited causal certainty because changes in waste
or energy use may also reflect differences in staffing, equipment condition, workload, seasonal utility
demand, or concurrent process modifications. This limitation is particularly important in hospital
settings, where workflows are dynamic and sustainability measures must operate within validated
quality and safety constraints. Despite growing interest in sustainable pharmacy practice, randomized
evaluations of green chemistry interventions in real-world hospital production environments remain
scarce, and causal evidence from such settings is still lacking (3,4,12,15-18).

Another important consideration is that environmental gains in pharmaceutical operations are rarely
produced by a single isolated change. Solvent choice influences not only the mass and hazard profile of
waste, but also cleaning burden, exposure control requirements, and downstream energy demand.
Likewise, energy efficiency depends not only on equipment specifications, but also on scheduling, cycle
design, idle runtime, and alignment between validated settings and actual operational needs. For this
reason, bundled interventions that simultaneously address solvent practices, process steps, and energy-
intensive workflow components may be more realistic and more effective than narrowly targeted

modifications. However, the evidence base for such bundled strategies in routine tertiary-hospital
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pharmacy settings remains limited, particularly in South Asian healthcare systems where local data are

needed to support policy adoption and standard operating procedure reform (4,6,7,13,16,19).

The present study was therefore designed to evaluate the efficacy of a structured green chemistry bundle
in reducing the environmental impact of pharmaceutical preparation under routine tertiary-hospital
conditions in Faisalabad, Pakistan. Using production runs as the unit of randomization in a pragmatic
parallel-group randomized controlled design, the study compared a predefined bundle of solvent
substitution and minimization, process-efficiency adjustments, and energy-efficiency measures against
standard practice. The primary objective was to determine whether the intervention could reduce total
waste generation and energy consumption per production run without compromising routine quality
performance. It was hypothesized that, compared with conventional procedures, the green chemistry
bundle would produce lower waste mass, lower energy demand, and improved material-efficiency
indicators under real-world hospital pharmacy conditions (1,3,5,8).

MATERIALS AND METHODS

This study was conducted as a pragmatic, parallel-group randomized controlled trial to evaluate whether
a structured bundle of green chemistry techniques could reduce the environmental impact of routine
pharmaceutical preparation activities while preserving operational quality within a tertiary-care hospital
pharmacy. A pragmatic design was selected because the purpose of the investigation was not merely to
test theoretical process advantages under idealized laboratory conditions, but to determine whether the
intervention remained effective when implemented within normal hospital workflow, existing staffing
patterns, established documentation procedures, and validated quality requirements. The trial was
carried out in Faisalabad, Pakistan, within hospital pharmacy services responsible for recurring
preparation and compounding activities involving measurable material inputs, waste outputs, and utility
demand. The study specifically focused on preparation processes in which solvents, cleaning agents,
sterilization cycles, heating or cooling steps, ventilation-dependent controlled areas, and related
auxiliary materials were part of routine operational practice.

The study unit was a single production run, defined as one standardized batch or preparation cycle of an
eligible pharmaceutical process. Runs were considered eligible when they involved a repeatable
workflow, generated measurable input and output records, and had non-trivial solvent, auxiliary
chemical, or energy demand. This included workflows in which energy use was meaningfully influenced
by mixing, drying, heating, refrigeration, sterilization, or controlled-environment operation. Runs were
excluded when the process occurred too infrequently to support balanced allocation, when clinically
mandated materials could not be modified within hospital policy constraints, or when emergency-only
preparations could have been delayed or operationally compromised by protocolized intervention steps.
Recruitment occurred at the level of eligible routine runs rather than at the patient level because the
intervention targeted production processes and environmental performance rather than clinical
outcomes in individual patients. All included runs were identified prospectively from the routine
preparation schedule and screened against predefined eligibility criteria before allocation.

Production runs were assigned in a 1:1 ratio to either standard practice or the green chemistry bundle.
Allocation was stratified by process category, particularly sterile-related versus non-sterile preparation
workflows, to reduce baseline imbalance in waste intensity and utility demand across the two study arms.
Blocked allocation within strata was used to preserve balance over the course of routine operations
despite variation in pharmacy workload. Allocation concealment was maintained through a centralized
assignment process managed independently from run execution, and the assigned condition was
disclosed immediately before implementation to minimize anticipatory deviation from the allocated
workflow. Full operator blinding was not feasible because staff could recognize differences in solvent
use, workflow sequencing, or equipment settings; however, the main outcome measures were objective

operational measures rather than subjective judgments. In addition, where routine product-quality
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checks were performed by personnel separate from the preparation team, quality documentation was

recorded without reference to intervention status in order to reduce detection bias.

Control runs were completed according to the hospital’s routine standard operating procedures. These
procedures reflected existing solvent choices, standard solvent volumes, usual work-up and cleaning
routines, conventional sterilization practices, and typical equipment settings used for eligible processes.
Intervention runs were performed using a predefined green chemistry bundle designed to target two
principal environmental pathways: waste reduction and energy-efficiency improvement. The
intervention included solvent substitution in favor of safer or lower-impact alternatives where
technically acceptable, solvent volume minimization through optimized rinse sequences and elimination
of unnecessary exchanges, preference for aqueous or aqueous-rich systems for suitable cleaning or
preparation steps, streamlining of work-up and purification steps to reduce auxiliary material
consumption, and use of more efficient process choices where these remained consistent with hospital
policy and reproducibility requirements. The bundle also included energy-focused measures such as
optimization of heating and cooling cycles, reduction of avoidable idle runtime, harmonization of
equipment settings within validated ranges, and scheduling adjustments intended to consolidate energy-
intensive tasks without disrupting patient service or contamination-control requirements. To promote
fidelity, staff involved in intervention runs received short targeted training and checklist-based job aids

so that implementation remained standardized across operators and across time.

Data were collected prospectively for each randomized run using routine batch documentation
supplemented by structured study logs. For every run, the study team recorded the mass or volume of
input materials, including solvents, reagents, excipients, and cleaning agents; the quantities of waste
generated by stream, including solvent waste, aqueous waste, and solid or disposable waste; the duration
of the run; any operational deviations; and routine quality-control outcomes. Waste was measured
directly by weight whenever feasible, and calibrated volume-to-mass conversion procedures were applied
only when direct weighing was impractical within operational constraints. Energy use was captured from
equipment-level readings where such measurements were available and from predefined, validated
cycle-based estimation logs where direct metering was not feasible. To support measurement reliability,
weighing devices and relevant volumetric instruments were checked at predefined intervals, waste
segregation procedures were standardized, containers and labels were harmonized across runs, and staff
were trained in consistent recording procedures before study initiation. Source records remained
traceable to the hospital documentation system to preserve auditability and data integrity.

The primary outcomes were total waste generated per production run, expressed in kilograms, and total
energy consumption per run, expressed in kilowatt-hours. Waste was further categorized by stream so
that the contribution of solvent, aqueous, and solid waste components could be examined descriptively.
Because eligible runs varied in process characteristics and output scale, the analysis also incorporated a
mass-intensity framework aligned with established green-manufacturing metrics. Secondary outcomes
therefore included a process mass intensity-aligned indicator reflecting total material input per
standardized output, as well as routine quality and operational markers such as pass or fail status in
standard quality checks, rework frequency, and documented deviations. These variables were selected to
ensure that environmental gains were interpreted alongside operational feasibility and quality
preservation rather than in isolation from routine pharmaceutical service requirements (1-3,5).

Bias and confounding were addressed prospectively at both design and analysis stages. Stratified
randomization was used to reduce imbalance in major process categories, while the use of production
runs rather than retrospective audits reduced the risk of selection distortion associated with post hoc
case identification. Objective operational outcomes were prioritized to limit observer bias. The
intervention was constrained to validated process ranges to minimize performance drift attributable to
unsafe or non-standard implementation. At the analysis stage, prespecified covariates with plausible

influence on environmental outcomes, including process category, batch size, and operational conditions



JHWCR | 2026;4(8) | ISSN 3007-0570 | © 2026 The Authors | CC BY 4.0 | Page 5

likely to affect heating, cooling, or ventilation demand, were considered in adjusted models. Adherence
to the intervention checklist was documented so that sensitivity analyses could explore whether the
magnitude of benefit differed according to the extent of bundle implementation. This approach
strengthened internal validity while preserving the pragmatic character of the trial.

The sample comprised 120 randomized production runs, with 60 allocated to each arm. This run count
was selected as a pragmatic operational sample that allowed balanced representation of the principal
process strata, supported stable comparison under real-world workflow conditions, and was feasible
within the study period without disrupting routine service delivery. Because the intervention operated at
the level of standardized production runs and relied on routinely captured operational measurements,
this sample provided sufficient observational density for comparative analysis across the two groups
while maintaining the practicality required in a hospital pharmacy environment. The final analytic
dataset was assembled after verification of source records, review of run-level documentation, and
consistency checks between input, waste, and energy logs.

Statistical analysis followed the intention-to-treat principle, meaning that each run was analyzed in the
group to which it had been randomized regardless of minor implementation deviations. Continuous
variables were summarized using means and standard deviations or medians and interquartile ranges
according to distributional characteristics. Between-group comparisons were performed using
parametric or non-parametric tests as appropriate for the underlying data structure. In addition to
unadjusted comparisons, multivariable regression models were specified to account for prespecified
covariates that could influence waste generation or energy consumption. Sensitivity analyses examined
adherence-related variation in the intervention effect. Data completeness was reviewed before analysis
using run-level source documents, and the analytic workflow prioritized verified operational
measurements derived from routine records. Statistical analyses were conducted at the level of
randomized runs, and all reporting focused on effect estimation and comparative interpretation in
relation to the study objectives.

Ethical and governance procedures were followed in accordance with institutional operational norms
for process-evaluation research. The study did not randomize patients or alter patient treatment
allocation; instead, it evaluated validated process-level modifications within routine pharmaceutical
preparation services. Quality assurance and patient safety requirements were treated as non-negotiable
throughout the study, and any intervention component that risked breaching established quality
standards was not implemented. All runs remained fully traceable through the hospital documentation
system, and deviations were managed using routine corrective and preventive procedures. Staff
participation in training and data-recording activities was conducted within workplace policy, and no
personal identifiers were included in the analytic dataset. These safeguards supported ethical conduct,
reproducibility, and integrity of the operational evidence generated by the trial.

RESULTS

A total of 120 eligible production runs were randomized equally between the control arm and the green
chemistry bundle arm, with 60 runs analyzed in each group. Randomization preserved broad
comparability of process categories across study arms, including sterile-related and non-sterile
workflows, supporting a balanced comparison of environmental performance under routine operational
conditions. Across the full dataset, the intervention was associated with lower total waste generation,
lower energy consumption, and better material-efficiency performance than standard practice, while
routine quality outcomes remained high in both groups.

Table 1. Summary of Primary and Secondary Continuous Outcomes by Study Arm
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Outcome Control Green Bundle Mean Difference (Green — 95% CI P Standardized Effect Relative Change vs
(n=60) Mean + (n=60) Control) value Size Control
SD Mean t SD (Hedges g)

Total waste 23.88 + 5.36 19.23 + 3.94 -4.64 -6.34to- <0.001 -0.98 -19.5%

(kg/run) 294

Energy use 9439 + 16.06  80.09 + 13.16 -14.31 -19.61to- <0.001 -0.97 -15.1%

(KWh/run) 9.00

PMI-aligned 136.6 + 30.3 118.2 + 27.8 -18.35 -28.86to - <0.001 -0.63 -13.5%

indicator 7.85

The primary analysis showed a consistent advantage for the intervention arm across all continuous
environmental outcomes. Total waste per production run decreased from 23.88 + 5.36 kg in the control
arm to 19.23 + 3.94 kg in the green bundle arm, yielding a mean reduction of 4.64 kg/run (95% CI, -6.34
to -2.94; p<0.001), equivalent to a 19.5% relative reduction and a large standardized effect (Hedges g = -
0.98). Energy use also declined materially, from 94.39 + 16.06 kWh/run to 80.09 + 13.16 kWh/run,
corresponding to a mean difference of -14.31 kWh/run (95% CI, -19.61 to -9.00; p<0.001), a 15.1% relative
reduction, and another large effect size (Hedges g = -0.97). The PMI-aligned indicator improved from
136.6 + 30.3 in the control arm to 118.2 + 27.8 in the intervention arm, with a mean difference of -18.35
(95% CI, -28.86 to -7.85; p<0.001), representing a 13.5% reduction and a moderate effect size (Hedges g =
-0.63). Taken together, these results indicate that the environmental benefit of the green bundle was not
limited to a single metric, but extended across waste generation, utility demand, and overall material
throughput efficiency.

Table 2. Distributional Summary of Continuous Outcomes

Outcome Arm n  Mean SD Median IQR
Total waste (kg/run) Control 60 23.88 5.36 23.02 7.48
Green bundle 60 19.23 3.94 19.04 4.07
Energy use (kWh/run) Control 60 9439 16.06 90.95 24.56
Green bundle 60 80.09 13.16 7767 23.20
PMI-aligned indicator Control 60 136.6 30.3 136.2 43.65
Green bundle 60 1182 27.8 1179 40.38

The distributional summaries reinforced the primary findings by showing that the observed differences
were not driven solely by a small number of extreme runs. For total waste, the median decreased from
23.02 kg/run in the control arm to 19.04 kg/run in the intervention arm, while the interquartile range
narrowed from 7.48 to 4.07, suggesting both lower waste generation and reduced variability under the
green bundle. A similar pattern was observed for energy use, where the median declined from 90.95 to
77.67 kWh/run. The PMI-aligned indicator also shifted downward at both the mean and median levels,
indicating that material-efficiency gains were broadly distributed across intervention runs rather than
confined to isolated process instances.

Table 3. Waste Stream Composition by Study Arm

Waste Stream (kg/run) Control Mean Green Bundle Mean Absolute Difference Relative Change
(Green — Control) vs Control

Solvent waste 13.12 943 -3.69 -28.1%

Aqueous waste 7.16 6.30 -0.86 -12.0%

Solid/disposables 3.60 3.50 -0.10 -2.8%

Total 23.88 19.23 -4.64 -19.5%

Disaggregation of total waste showed that the overall reduction was driven predominantly by the solvent
fraction. Mean solvent waste fell from 13.12 kg/run in the control arm to 9.43 kg/run in the intervention
arm, an absolute reduction of 3.69 kg/run and a relative decrease of 28.1%. In contrast, aqueous waste
declined more modestly by 0.86 kg/run, equivalent to a 12.0% reduction, while solid/disposable waste
changed only minimally, decreasing by 0.10 kg/run or 2.8%. Numerically, solvent waste accounted for
approximately 79.5% of the overall reduction in total waste (3.69 of 4.64 kg/run), supporting the
interpretation that solvent substitution and minimization were the dominant contributors to
environmental benefit in this trial.

Table 4. Routine Quality and Operational Events
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Outcome Control n/N (%) Green Bundle n/N (%) Effect Estimate 95% CI p-value
Quality failures (a.ny) 3/60 (5.0%) 1/60 (1.7%) RR 0.33 0.04 to 3.11 0.619
Rework required (any) 5/60 (8.3%) 5/60 (8.3%) RR 1.00 0.31 to 3.28 1.000

Routine quality outcomes remained favorable in both study arms. Quality failures were uncommon
overall, occurring in 5.0% of control runs and 1.7% of intervention runs, but this difference was
statistically imprecise and not significant (risk ratio 0.33, 95% CI 0.04 to 3.11; p=0.619). Rework frequency
was identical in both groups at 8.3%, yielding no detectable between-group difference (risk ratio 1.00,
95% CI 0.31 to 3.28; p=1.000). These findings indicate that the environmental gains associated with the
green chemistry bundle were not accompanied by a measurable deterioration in routine quality
assurance outcomes under the conditions evaluated.

Table 5. Comparative Effect Gradient Across Environmental Efficiency Outcomes

Outcome Mean Difference 95% CI p-value Relative Change
(Green — Control) vs Control

Total waste (kg/run) -4.64 -6.34 to -2.94 <0.001 -19.5%

Energy use (kWh/run) -14.31 -19.61 to -9.00 <0.001 -151%

PMI-aligned indicator -18.35 -28.86 to -7.85 <0.001 -13.5%

When the three key environmental outcomes were compared together, total waste showed the largest
proportional reduction at 19.5%, followed by energy use at 15.1% and the PMI-aligned indicator at 13.5%.
Although the absolute scales differ across these metrics, all three confidence intervals remained fully
below the null value, indicating consistent directional benefit for the green chemistry bundle. This cross-
outcome pattern suggests that the intervention improved not only waste handling performance, but also
the deeper operational drivers of environmental impact, including material throughput and utility
demand.

Comparative Effect Gradient Across Environmental Efficiency Outcomes
A58 (634t 7.94); -19.5%

Total Waste |
(kg/run)

-14.31 (-19.61 to -9.00); -15.2%
&

Energy Use |
(kWh/frun)

-18.35 (-28.86 to -7.85); -13.5%

PMI-Aligned
Indicator

-30 =25 -20 =15 =10 =5 0
Mean Difference (Green Bundle - Control)

Figure 1 Comparative Effect Gradient Across Environmental Efficiency Outcomes

The intervention demonstrated a consistent improvement across all three major environmental
endpoints, with total waste reduced by 4.64 kg/run (95% CI, -6.34 to -2.94), energy use reduced by 14.31
kWh/run (95% CI, -19.61 to -9.00), and the PMI-aligned indicator reduced by 18.35 units (95% CI, -28.86
to -7.85). Relative reductions were greatest for total waste at 19.5%, followed by energy use at 15.1% and
PMI at 13.5%, indicating that the green chemistry bundle produced its strongest gradient of benefit in
waste prevention while maintaining parallel gains in energy efficiency and overall material-use
efficiency. None of the confidence intervals approached the null line, reinforcing the statistical
robustness and directional consistency of the intervention effect across environmental performance
domains.
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DISCUSSION

The findings of this pragmatic randomized controlled trial indicate that a structured green chemistry
bundle can reduce the environmental impact of routine pharmaceutical preparation in a tertiary-
hospital setting without measurable compromise in routine quality outcomes. Compared with standard
practice, the intervention arm demonstrated lower total waste generation, lower energy consumption,
and improved PMI-aligned performance, suggesting that the intervention influenced both visible waste
streams and the underlying material-efficiency profile of the production process. The reduction in total
waste was substantial and directionally consistent with the broader green chemistry literature, which
has long identified pharmaceutical workflows as disproportionately waste-intensive because of repeated
solvent use, auxiliary materials, and purification-related losses (20,21). In the present study, the
magnitude and coherence of effect across multiple environmental endpoints strengthen the
interpretation that the observed benefit was not an isolated metric artifact but reflected a system-level

improvement in operational efficiency.

The waste-stream breakdown provides an important mechanistic insight into how the intervention likely
achieved its effect. Most of the overall reduction in total waste was attributable to a decline in solvent
waste, whereas aqueous and solid/disposable fractions changed modestly. This pattern is highly plausible
because solvent use is frequently the dominant contributor to waste mass and environmental burden in
pharmaceutical processing, particularly where washing, extraction, and cleaning operations are
common (22,23). The intervention’s emphasis on solvent substitution and solvent minimization therefore
appears to have targeted the highest-yield environmental leverage point within hospital pharmacy
production. This is consistent with solvent-selection frameworks that encourage replacement of
problematic solvents with safer alternatives and reduction of avoidable solvent volume without
sacrificing technical suitability or process reliability (24,25). In practical terms, the findings suggest that
even in hospital-based preparation settings, where the scale is smaller than industrial API
manufacturing, solvent stewardship remains one of the most effective routes to near-term
environmental improvement.

The improvement in the PMI-aligned indicator further supports the interpretation that the green bundle
did not merely redistribute waste between categories, but actually improved material throughput
efficiency per standardized output. This distinction is important because waste reduction alone can
sometimes reflect downstream segregation changes rather than genuine upstream prevention. By
contrast, a lower PMI-aligned value indicates that fewer total input materials were required relative to
productive output, which is more consistent with true process optimization. In pharmaceutical
manufacturing, PMI has become one of the most useful practical sustainability metrics because it
captures the broader material burden of a process rather than focusing only on reaction yield or a single
disposal stream (21,26). Within the present study, the lower PMI-aligned values in the intervention arm
are consistent with the combined effects of lower solvent volumes, streamlined work-up steps, and more
efficient use of cleaning-related inputs.

The reduction in energy use is also a meaningful finding because energy-intensive operations are a
major but sometimes underappreciated contributor to the environmental footprint of pharmaceutical
services. In hospital pharmacies, energy demand is influenced not only by active processing steps but
also by sterilization, drying, refrigeration, controlled-area ventilation, and avoidable idle runtime. The
observed reduction in energy consumption is therefore compatible with the intervention’s operational
design, which included optimization of heating and cooling cycles, harmonization of equipment settings
within validated limits, and scheduling adjustments intended to reduce repeated start-stop inefficiencies.
Prior literature has emphasized that the “design for energy efficiency” principle in green chemistry
should not be confined to reaction chemistry alone, but should extend to the full operational
environment in which pharmaceutical preparation occurs (27). The present findings support that view

and indicate that energy-efficiency strategies can be implemented in hospital pharmacy practice without
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disrupting routine production performance when they are integrated into validated operational

workflows.

An important strength of this study is that the intervention was evaluated under routine tertiary-hospital
conditions rather than in an idealized laboratory scenario. This improves the applied relevance of the
findings because hospital pharmacy services operate within fixed staffing structures, real-time clinical
demand, established quality systems, and constrained infrastructure. In that context, the absence of a
detectable increase in rework or routine quality failure is particularly important. Sustainability
interventions are unlikely to be adopted in hospital practice if they threaten reproducibility, sterility
assurance, or service continuity. The present trial suggests that greener process choices can remain
compatible with operational reliability when they are implemented within validated ranges and
supported by standardized checklists and staff enablement. This aligns with broader experience in green
pharmaceutical practice, where sustainability programs are more successful when framed as structured
operational refinement rather than as ad hoc deviation from established procedures (23,24).

The study also has methodological relevance because randomized evaluations remain uncommon in
sustainability-oriented manufacturing research, especially in healthcare settings. Many published
reports in this field rely on retrospective comparisons, modeling exercises, lifecycle assessments, or case-
based route optimization. Although these approaches are informative, they are vulnerable to
confounding by concurrent changes in workload, equipment condition, staff behavior, and process-mix
variation. By randomizing production runs and analyzing objective environmental outcomes, the present
study improved causal interpretability relative to most observational designs. Nevertheless, several
limitations should be considered. First, the intervention was implemented as a bundle, which improves
practical relevance but limits the ability to isolate the independent contribution of each component. It is
therefore not possible to determine precisely how much of the observed effect resulted from solvent
substitution, solvent minimization, work-up simplification, or energy-focused scheduling changes alone.
Second, the study was conducted at a single tertiary-care site, so the magnitude of effect may differ in
other institutions with different baseline solvent practices, equipment efficiency, waste infrastructure, or
process mix. Third, full blinding of operators was not feasible, and some behavioral contamination
between trial arms may have occurred if staff carried newly learned efficiency habits into control runs.
Such contamination would most likely bias the results toward the null rather than exaggerate the
intervention effect, but it remains a consideration when interpreting the observed differences.

Another limitation relates to measurement granularity. Although the study used direct weighing where
feasible and predefined energy-capture procedures, some operational measurements were derived from
validated estimation logs rather than universal equipment-level metering. This is a realistic compromise
in a busy hospital environment, but more comprehensive instrument-based monitoring could
strengthen precision in future studies. In addition, the environmental endpoints were necessarily
focused on waste mass, energy use, and a PMI-aligned indicator. These are meaningful and operationally
tractable measures, but they do not fully capture toxicity-weighted solvent impacts, upstream supply-
chain burdens, or greenhouse-gas consequences linked to local electricity mix. Future work would
therefore benefit from integrating lifecycle-oriented indicators and conducting component-level or
subgroup analyses, particularly across sterile and non-sterile workflow categories, where utility profiles
and operational constraints may differ substantially (27,28).

Despite these limitations, the study provides practical evidence that greener pharmaceutical preparation
is achievable in a tertiary-hospital context through targeted, low-disruption changes in solvent practice,
material handling, and energy-intensive workflow design. The findings are most immediately relevant
to institutions seeking operational sustainability measures that can be embedded within standard
operating procedures rather than pursued as separate environmental initiatives. In resource-constrained
settings such as Pakistan, where healthcare systems must balance quality, safety, cost, and infrastructure

limitations, interventions that reduce waste and utility demand simultaneously may offer particular
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value. The present trial therefore contributes locally actionable evidence and supports the broader case
for integrating solvent stewardship, material-efficiency monitoring, and validated energy-optimization

practices into routine hospital pharmacy governance.

CONCLUSION

This pragmatic randomized controlled trial demonstrated that a structured green chemistry bundle can
reduce total waste generation, lower energy consumption, and improve material-efficiency performance
in routine pharmaceutical preparation within a tertiary-hospital setting, without evidence of
deterioration in routine quality outcomes. The strongest effect was observed in solvent-derived waste,
indicating that solvent stewardship is likely the principal operational driver of short-term environmental
improvement in this context. Although confirmation in multi-site studies with more granular metering
and broader lifecycle endpoints is warranted, the present findings support the integration of validated
green chemistry practices into hospital pharmacy standard operating procedures as a feasible and
quality-compatible pathway toward more sustainable pharmaceutical production.
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