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Abstract

Background: Healthcare systems generate nearly 4.4% of global greenhouse gas (GHG) emissions,
making the transition toward low-carbon and circular economy models an urgent sustainability
challenge. Public hospitals, as large energy and resource consumers, hold a strategic role in
mitigating environmental impact and achieving the goals of the European Green Deal. Aim: This
study develops and tests a reproducible methodological framework—the HULA Circular
Decarbonization Model (HCDM)—designed to integrate circular economy principles into hospital
operations and align institutional performance with carbon neutrality targets. Methods: The model
was implemented at the Hospital Universitario Lucus Augusti (Spain) following the international
GHG Protocol (Scopes 1-3) and ISO 14001 standards. It operationalizes decarbonization through five
iterative axes: energy efficiency, clinical emissions control, waste and circular resource management,
sustainable mobility, and governance engagement. The process followed a Plan-Do—Check-Act cycle
with continuous monitoring of environmental indicators. Results: Between 2021 and 2023, total
emissions were reduced by 35%, including a 95% decrease in anesthetic gases and a 17% reduction
in plastic waste. The integrated strategy proved technically feasible and economically viable within
a publicly funded system, fostering organizational awareness and interdisciplinary participation.
Conclusions: The HCDM demonstrates that hospital-level decarbonization can be achieved through
structured, low-cost, and replicable interventions. Policy implications: This model offers a
transferable framework for public health systems seeking alignment with the European Green Deal,
the WHO COP28 Health Report, and the UN 2030 Agenda, advancing the decarbonization of
healthcare through circular economy innovation.

Keywords: decarbonization; circular economy; carbon footprint; public hospital; low-carbon
healthcare; sustainability framework; European Green Deal; HULA model

1. Introduction

Healthcare has become a significant contributor to global greenhouse gas (GHG) emissions,
accounting for approximately 4.4% of total global emissions—if considered a country, the sector
would rank fifth worldwide [1]. This paradox—an industry devoted to protecting human health
while simultaneously threatening planetary health—positions hospital decarbonization as a central
sustainability challenge. The 2015 Paris Agreement and the European Green Deal have established
ambitious targets requiring all sectors, including healthcare, to reduce their carbon footprint by at
least 55% by 2030 and to achieve climate neutrality by 2050 [2,3].

Hospitals are complex socio-technical systems characterized by high resource intensity,
substantial energy demand, and multiple emission sources. Their environmental impact extends
beyond direct energy consumption to include supply chains, waste generation, and medical gases
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[4,5]. Addressing these emissions requires structured, system-based strategies that integrate
environmental management with circular economy principles—minimizing waste, optimizing
resource flows, and closing material loops [6]. Within this context, the circular economy has gained
growing relevance in healthcare, supporting sustainable procurement, energy efficiency, and waste
valorization initiatives [7-9].

Recent studies have demonstrated the feasibility of decarbonization in healthcare organizations
through interventions such as low-carbon hospital design [10], energy-efficient retrofitting [11], and
circular procurement models [12]. However, few empirical works have translated these concepts into
a comprehensive and replicable decarbonization model implemented in publicly funded hospitals,
particularly within Southern European systems facing financial and regulatory constraints.

This study addresses that gap by developing and validating the HULA Circular Decarbonization
Model (HCDM)—a structured and reproducible methodological framework integrating circular
economy principles into hospital operations. The model was implemented at the Hospital
Universitario Lucus Augusti (HULA, Spain) within the European project Low Carbon Healthcare in the
Mediterranean Region.

The article describes the process of designing and executing the hospital’s Carbon Management
Plan (CMP), quantifies emission reductions across Scopes 1-3, and analyzes flagship projects
including anesthetic gas recovery, food waste prevention, plastic elimination, renewable energy
installation, and staff engagement initiatives. This experience provides actionable evidence on how
circular economy principles can drive hospital decarbonization, offering a scalable model for public
healthcare systems seeking alignment with the European Green Deal, the WHO COP28 Health
Report, and the Sustainable Development Goals (SDGs) [13-15].

2. Materials and Methods

2.1. Study Design and Conceptual Approach

This research applies a reproducible methodological framework—the HULA Circular
Decarbonization Model (HCDM) —developed to operationalize circular economy principles within
hospital settings. The framework was designed and validated at the Hospital Universitario Lucus
Augusti (HULA), a publicly funded tertiary facility located in Lugo, Spain.

The model builds on the European project Low Carbon Healthcare in the Mediterranean Region
(EUKI-LIFE Programme, 2019-2021), integrating its guidelines for Carbon Management Plans
(CMPs) with the Greenhouse Gas (GHG) Protocol and ISO 14,001 standards. Unlike previous case
studies, the HCDM is structured as a replicable process model composed of five iterative phases that
link institutional governance, operational implementation, and continuous evaluation.

The study’s scope included all activities associated with direct and indirect GHG emissions,
classified under the GHG Protocol as Scope 1 (direct), Scope 2 (energy-related indirect), and Scope 3
(other indirect emissions).

2.2. Data Collection and Carbon Accounting

Data were collected over a three-year period (2021-2023) using institutional reports, energy
consumption records, supplier documentation, and waste management registries. Validation was
ensured through HULA’s Environmental Management System (ISO 14001:2015).

The carbon footprint was calculated in metric tons of CO:2 equivalent (tCOze) using emission
factors from the Spanish Ministry for Ecological Transition and the European Environment Agency.
For each emission source, activity data (e.g., energy use, anesthetic gas volumes, waste, transport
distances) were multiplied by corresponding emission factors. The results were consolidated by
scope, allowing comparison with other European healthcare institutions.

2.3. The HULA Circular Decarbonization Model (HCDM)
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The HCDM synthesizes the hospital’s decarbonization process into a five-phase methodological
model (Table 1). It provides a structured pathway for healthcare institutions seeking to reduce
emissions through circular economy strategies.

Table 1. Phases and operational components of the HULA Circular Decarbonization Model (HCDM).

Phase Core Actions Expected Outcomes
Formation of a multidisciplinary Carbon Management
Team; integration of circular principles into hospital

1. Institutional Governance structure

Commitment and policy alignment.
governance.
5 Baseline Assessment Comprehensive quantification of Scopes 1-3 emissions Verified carbon
’ following GHG Protocol; ISO 14,001 validation. inventory.
Development of the Carbon Management Plan (CMP) Stratesic roadman for
3. Strategic Design with measurable targets (Scope 1: -16% by 2025; Scope 8 P
. e . emission reduction.
3: -19% by 2030); identification of operational axes.
Deployment of prioritized interventions in energy Tangible carbon
4. Implementation efficiency, anesthetic gas recovery, waste valorization, reduction and circular
mobility, and green procurement. resource use.
. Evaluation under the Plan-Do-Check—-Act cycle; annual Verified performance
5. Monitoring and . . . o
. reporting to hospital management and regional health  indicators and feedback
Continuous Improvement ..
authorities. loop.

Note: CMP = Carbon Management Plan; HCDM = HULA Circular Decarbonization Model. The model integrates

circular economy principles into five iterative phases aligned with ISO 14,001 continuous improvement cycles.

Each axis of the CMP aligns with circular economy objectives:

Energy and infrastructure: efficiency and photovoltaic self-consumption.
Clinical emissions: anesthetic gas capture and sustainable prescribing.
Waste and circular economy: plastic reduction and food waste prevention.

Mobility and logistics: low-emission transport and supply-chain optimization.

SO

Governance and awareness: capacity-building and staff engagement.

2.4. Implementation and Monitoring

Implementation began in early 2022, prioritizing interventions with immediate environmental
and financial impact. Each action plan included an initial diagnosis, budget, responsible unit, and
key performance indicators.

Monitoring followed the ISO 14,001 Plan-Do-Check-Act framework, incorporating both
quantitative and qualitative metrics: total GHG emissions (tCOze), energy consumption (kWh), water
use (m?), plastic waste (tons), anesthetic gas emissions (kg), and staff participation rates.

Performance data were reported annually to the hospital’s management board and to the
Galician Health Service. The iterative feedback mechanism allowed dynamic adjustment of targets
and ensured institutional accountability.

2.5. Data Analysis and Model Validation

Emission reductions between 2021 (baseline) and 2023 were calculated as relative percentage
changes. Descriptive statistics summarized quantitative results, while qualitative analysis of internal
reports identified enabling factors, challenges, and lessons learned.

Validation of the HCDM was achieved through internal auditing under ISO 14001, cross-
referencing with EU GHG Protocol benchmarks, and peer consultation with sustainability officers
from other hospitals in the Galician Health Service network.
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All findings were integrated into the HULA Decarbonization Framework (Figure 1), which
illustrates the dynamic interaction between institutional drivers, circular resource flows, and carbon
reduction outcomes within a publicly funded healthcare system.
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Figure 1. The HULA Circular Decarbonization Framework (HCDM). Note: CMP = Carbon Management Plan.
Arrows indicate continuous improvement under the ISO 14,001 framework (Plan-Do-Check-Act cycle).

3. Results

3.1. Owverall carbon footprint reduction

Between 2021 and 2023, the implementation of the Decarbonization Strategy led to a 35% reduction
in the total carbon footprint of the Hospital Universitario Lucus Augusti (HULA). Total emissions
decreased from 7,262.9 tCO:ze in 2021 to 4,687.1 tCO2e in 2023.

The most significant reduction occurred in Scope 1 emissions, which dropped from 6,459.7 tCOze

(88.9% of total emissions) to 4,116.6 tCOze (87.8%), primarily due to energy efficiency measures and
the introduction of anesthetic gas recovery technology.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

d0i:10.20944/preprints202511.0303.v1


https://doi.org/10.20944/preprints202511.0303.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 November 2025 d0i:10.20944/preprints202511.0303.v1

5o0f 9

Although Scope 2 emissions remained at zero (owing to the hospital’s exclusive use of certified
renewable electricity), Scope 3 emissions were reduced from 803.3 tCOze to 570.6 tCOze through
waste minimization, sustainable procurement, and circular food management.

These results confirm the technical and organizational feasibility of implementing circular
economy principles in large public hospitals. They also demonstrate that systemic decarbonization
can be achieved within existing public budgets, provided there is strong governance, cross-
departmental coordination, and structured monitoring.

To summarize the performance achieved during the first phase of implementation, Table 1
presents key environmental indicators and their percentage changes between 2021 and 2023.

Table 1. Summary of carbon reduction performance and implementation actions (2021-2023).

Indicator 2021 (Baseline) 2023 Change (%) Main Contributing Actions

Impl ion of
Total GHG emissions mplementation of Carbon Management

7,262.9 4,687.1 -35.4 Plan; energy efficiency upgrades; renewable
(tCO2e) ..
electricity supply
Scope 1 emissions Reduction of stationary combustion and
P 6,459.7 4,116.6 -36.3 anesthetic gas recovery system
(tCO2ze)
(Contrafluran®)
Scope 2 emissions 0 0 B 100 % renewable electricity from certified
(tCO2ze) supplier
Scope 3 emissions 8033 5706 290 Waste reduction, greep procurement, food
(tCO2e) waste prevention program
Plastic waste reduction _ 30 B Reusable containers, elimination of single-
(t/year) use items, textile logistics
Anesthetic gas emissions 367 17 _95 Activated-carbon capture system
(tCO2e) (Contrafluran®) and low-flow anesthesia
“Paperless Hospital” project (Escri igital
Paper consumption (kg) 100 % baseline 59 % -41 aperiess ospltiorf;:)]ed (Escriba digita
Renewa!ale energy 0 9979 49979 Installation of photovoltaic panels (INEGA
capacity (kW) program)

Note: Emission intensity calculated as kilograms of CO: equivalent per hospital admission. Data derived from

institutional reports and verified within the ISO 14,001 environmental management system.

3.2. Key decarbonization projects

Reduction of anesthetic gas emissions: Anesthetic gases represented a critical source of direct
emissions. In 2023, the adoption of the Contrafluran® recovery system —based on activated carbon
filters—achieved a 95% reduction in emissions of desflurane and sevoflurane, equivalent to 350 tCOze
avoided per year. Implemented across 20 operating rooms with a total cost of €30,000, the initiative
has since been replicated in other hospitals within the Galician Health Service, illustrating the model’s
scalability.

Food Waste Prevention and Circular Food Management: The hospital’s catering service
achieved Spain’s first “Zero Food Waste” certification (AENOR) through mass balance analysis,
waste audits, and preventive kitchen measures. The initiative directly contributed to Scope 3 emission
reductions and aligned with Sustainable Development Goals (SDGs) 2, 12, and 13.

Plastic Reduction and Substitution: The replacement of disposable biosanitary containers with
reusable systems reduced plastic waste by approximately 30 tons per year, avoiding around 20 tCOze.
The elimination of 350,000 single-use plastic bags through textile logistics further advanced the
hospital’s circular resource strategy.

Digital Transformation and Paperless Hospital Initiative: The “Escriba” digital documentation
project eliminated over 2.9 million printed documents, reducing paper use by 41% between 2021 and
2022. This initiative contributed both to carbon reduction and organizational efficiency.
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Renewable Energy and Photovoltaic Self-Consumption: In 2024, 997.9 kW of photovoltaic
capacity were installed under the regional INEGA Renewable Energy Program, reinforcing the
hospital’s resilience to fossil fuel dependency and further consolidating Scope 2 decarbonization.

Waste Valorization and Biosecurity Improvements: Enhanced segregation in non-hazardous
waste streams enabled 25-35% material recovery, mainly plastics. The installation of 17 cold-based
biosecurity units eliminated volatile emissions in laboratories, reducing 19.8 tCOze annually and
improving occupational safety.

Organizational outcomes and awareness

Beyond quantitative reductions, the HCDM fostered a cultural transformation within the
hospital. Sustainability awareness and participation increased markedly among both clinical and
administrative staff. Interdisciplinary teams and management support ensured the integration of
sustainability objectives into institutional planning.

The hospital’s leadership has been recognized regionally and nationally, positioning HULA as
a reference model within the Galician Health Service. The Decarbonization Strategy also reinforced
institutional alignment with the European Green Deal, the Spanish Circular Economy Strategy
(Espafia Circular 2030), and the WHO COP28 Special Report on Climate Change and Health (2023).

4. Discussion

The experience of the Hospital Universitario Lucus Augusti (HULA) demonstrates that
meaningful carbon reductions can be achieved in public healthcare systems when environmental
management and circular economy principles are integrated into everyday operations. The results
confirm that hospitals, despite their structural complexity and financial constraints, can move beyond
isolated sustainability actions toward a consolidated Decarbonization Strategy aligned with
European and global climate goals.

4.1. Lessons Learned from Implementation

The most significant finding is that measurable emission reductions—35% in two years—were
possible through a combination of organizational commitment, interdisciplinary collaboration, and
gradual investment in circular processes. The Carbon Management Plan (CMP) proved essential as
an operational framework, allowing the hospital to translate general environmental ambitions into
specific, measurable actions.

Unlike many theoretical approaches, the HULA model evolved from an existing ISO 14001:2015
environmental certification toward a comprehensive framework integrating carbon accounting,
waste valorization, and social engagement. This hybrid structure bridges a gap identified in prior
literature, where sustainability initiatives in healthcare often remain fragmented or lack quantitative
validation [1,7,9]. The success of HULA depended less on technological innovation and more on
governance coherence and human engagement, consistent with other public-sector circular
management initiatives in Europe [10,11].

4.2. Integrating Circular Economy Principles into Healthcare

The implementation confirmed that circular economy principles can be effectively
operationalized within hospital environments without compromising clinical quality or safety.
Initiatives such as anesthetic gas recovery, zero food waste certification, and plastic substitution
exemplify the transition from linear consumption to restorative resource cycles.

These results are consistent with findings in Journal of Cleaner Production and Sustainability, which
highlight the emergence of circular and low-carbon healthcare as an essential pathway toward
planetary health [12-14]. In this regard, the Contrafluran® intervention achieved a 95% reduction in
anesthetic gas emissions while demonstrating cost-effectiveness and scalability —criteria essential for
replication across healthcare systems. Similarly, the Zero Food Waste program reframed hospital
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catering services as active agents of climate policy, not merely logistical support—a perspective
increasingly emphasized in sustainable healthcare management research [15,16].

4.3. Governance, Engagement, and Policy Alignment

Institutional leadership emerged as a decisive enabler of success. The alignment of hospital
management, the Galician Health Service, and environmental governance structures ensured
continuity of funding and interdepartmental coordination. These dynamics mirror the “multi-level
governance” conditions identified by the European Environment Agency and WHO as prerequisites
for effective sustainability transitions in the public sector [17,18].

The HULA Circular Decarbonization Model (HCDM) thus operationalizes climate neutrality
targets at the institutional level, bridging micro-level governance with macro-level policy
frameworks such as the European Green Deal, the Spanish Circular Economy Strategy (Espafia
Circular 2030), and the WHO COP28 Special Report on Climate Change and Health (2023).

Equally important was the cultural dimension: the strategy fostered a shared sense of ownership
and responsibility among healthcare staff. Training and communication initiatives increased
engagement, reflecting the social sustainability component that is often underrepresented in technical
decarbonization frameworks [19].

4.4. International Context and Comparative Insights

Globally, the HCDM shares common objectives with national initiatives such as the NHS Net
Zero Strategy (United Kingdom), the Nordic Sustainable Healthcare Programme, and the Health
Care Without Harm Europe Network, yet it offers a distinctive contribution: demonstrating that
significant emission reductions can be achieved in publicly funded systems with limited capital
investment. This positions the HULA model as a transferable approach for middle-income and
resource-constrained healthcare contexts, complementing high-investment strategies in northern
Europe and North America.

Furthermore, the model’s focus on governance integration and circular procurement aligns with
OECD recommendations for sustainable public administration, underscoring the replicability of
HCDM principles across national health systems. Its use of standardized carbon accounting (GHG
Protocol) and continuous improvement under ISO 14,001 provides methodological interoperability
with international reporting frameworks.

4.5. Challenges and Future Directions

Despite these achievements, several challenges persist. Scope 3 emissions—linked to suppliers
and patient transport—remain difficult to quantify and mitigate. Moreover, limited human resources
and administrative rigidity can hinder technological innovation in public institutions. Addressing
these barriers will require national policy incentives, intersectoral partnerships, and standardized
tools for health-sector carbon accounting.

Future development of the HCDM includes expanding the Decarbonizate initiative to primary
care centers, integrating artificial intelligence and digital twins for real-time emission tracking, and
scaling renewable energy self-generation. These steps aim to consolidate progress toward the 2050
net-zero goal while offering a replicable and evidence-based model adaptable to other regional or
international health systems.

5. Conclusions

The results of this study demonstrate that the transition toward low-carbon and circular
healthcare is both feasible and measurable within publicly funded health systems. The experience of
the Hospital Universitario Lucus Augusti (HULA) validates that structured planning, institutional
leadership, and a reproducible methodological framework—the HULA Circular Decarbonization
Model (HCDM)—can deliver tangible emission reductions and organizational transformation.
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By reducing its total carbon footprint by 35% in two years, the hospital showed that
decarbonization does not rely solely on large-scale technological investments. Instead, success
emerges from coordinated low-cost interventions—including anesthetic gas recovery, plastic
reduction, and food waste prevention—combined with a continuous cycle of monitoring, staff
engagement, and governance integration.

The integration of circular economy principles provided a coherent foundation to connect
environmental, economic, and social dimensions of hospital management. Beyond emission
reduction, the HCDM fostered a culture of sustainability among healthcare professionals,
demonstrating that cultural change is a decisive enabler of climate action in the public sector.

From a policy standpoint, this case underlines the potential of regional and national health
systems to act as catalysts for climate-neutral transitions. The HCDM operationalizes the European
Green Deal, the Espana Circular 2030 Strategy, and the WHO COP28 Health Agenda at the
institutional level. Hospital-based Carbon Management Plans should therefore be recognized as
strategic instruments within national sustainability frameworks, linking policy commitments with
measurable operational outcomes.

Scaling the HCDM model to other healthcare institutions will require harmonized carbon
accounting standards, incentives for renewable energy adoption, and cross-sectoral collaboration
between health authorities, local governments, and environmental agencies. Such integration would
accelerate the decarbonization of healthcare while reinforcing the sector’s contribution to the UN
Sustainable Development Goals, particularly SDG 3 (Health and Well-being), SDG 12 (Responsible
Consumption and Production), and SDG 13 (Climate Action).

Relevance statement

This study provides one of the first in-depth evaluations of a comprehensive Decarbonization
Strategy implemented in a European public hospital. It contributes original evidence to the field of
low-carbon and circular healthcare management by linking quantitative emission data with practical
governance mechanisms. The HULA Circular Decarbonization Model (HCDM) offers a transferable
and policy-relevant framework for healthcare institutions aiming to operationalize climate neutrality
targets under resource constraints, reinforcing the central role of the health sector in global
sustainability transitions.
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