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Abstract

Objective To map and synthesise existing interventions aimed at improving environmental sustainability in kidney care and
to identify challenges and opportunities for implementation across treatment modalities.

Design Scoping review following PRISMA-ScR (Preferred Reporting Items for Systematic Reviews and Meta-Analyses
extension for Scoping Reviews) methodology. The study merged two existing frameworks to form appropriate review
questions.

Data sources Embase, MEDLINE, Scopus, and CINAHL alongside relevant grey literature, searched in September 2024.
Eligibility criteria for selecting studies The review included studies from 1 January 2005 to 30 September 2024 that reported
on environmental sustainability interventions in kidney care, including chronic kidney disease, haemodialysis, peritoneal
dialysis, kidney transplantation, and conservative management and that provided measurable or descriptive information about
the intervention. Conference abstracts and opinion pieces without intervention data were excluded.

Results Out of 2,512 records screened, 95 studies were included. Environmental interventions were most commonly imple-
mented in haemodialysis (n=158), followed by chronic kidney disease (n=19), transplantation (n=6), peritoneal dialysis
(n=35), and conservative management (n=1). Some studies addressed multiple modalities; therefore, categories are not
mutually exclusive. The most frequent sustainability categories were water use, waste management, procurement optimi-
sation, energy efficiency, and travel reduction. Interventions ranged from dialysate flow reduction and RO water reuse to
telemedicine and supply chain redesign. While many demonstrated environmental and economic benefits, reporting was
heterogeneous, and studies were concentrated in high-resource settings.

Conclusions There is growing interest in sustainability within kidney care, particularly in haemodialysis. However, adoption
across other modalities remains limited. Future work should prioritise underrepresented areas, standardise metrics, and ensure
inclusion of low-resource contexts. Co-design of interventions with patients and staff, combined with consistent reporting
using frameworks such as SQUIRE 2.0, is essential. Integration of sustainability into clinical practice and policy is urgently
needed to align kidney care with global climate and health goals.
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Introduction

Chronic Kidney Disease (CKD) is a growing global health
concern, affecting around 10% of the European popula-
tion [1]. It is projected to increase to 18% of the popula-
tion in some countries by 2040 and 28% by 2100 [2, 3].
Sustainability in nephrology matters not only due to the
high environmental intensity of treatment modalities such
as haemodialysis (HD), but also because kidney care is
a growing global health burden. Green nephrology can
reduce healthcare emissions, preserve resources, and
improve health equity by ensuring resilient, low-carbon
models of care [1, 4]. As patients progress to end-stage
kidney disease (ESKD), treatment choices differ in envi-
ronmental impact. In-centre haemodialysis has the high-
est documented life-cycle emissions and resource use
per patient year. Kidney transplantation has substantially
lower long-term emissions than in-centre haemodialysis,
though peri-operative and pharmaceutical stages con-
tribute to its footprint. Peritoneal dialysis typically falls
between home and centre-based options depending on con-
text. The annual carbon footprint for a patient receiving
thrice-weekly HD is estimated at 3.8—10 tonnes of Carbon
Dioxide Equivalent (CO,e), which is substantially higher
than the per capita healthcare emissions in many coun-
tries [5, 6]. This is mostly due to high energy consumption
and substantial waste generation. Studies have shown that
patient and staff transportation also contributes signifi-
cantly to the carbon footprint of dialysis units, adding up
to 25-30% to the total carbon footprint of HD, particularly
in in-centre models with long travel distances [5, 7]. High
volume of water use for dialysis presents an additional
environmental impact [8].

With over 2.6 million people receiving dialysis glob-
ally as of 2020 and projections suggesting this may rise
to 7 million by 2030, the environmental footprint of kid-
ney care is expected to grow significantly [9, 10]. As of
December 2022, 56% of prevalent kidney replacement
therapy patients in Europe were receiving HD and 5%
receiving peritoneal dialysis (PD), representing over
346,000 individuals on dialysis in total, a figure driven by
ageing populations and rising rates of diabetes and hyper-
tension [11]. Although technological advances have led to
more efficient and home-based therapies, these have not
consistently translated into lower environmental impact.
The implementation of green nephrology initiatives
remains limited, largely due to economic and regulatory
barriers such as high upfront costs, lack of financial incen-
tives, and the absence of specific guidelines or mandates
for environmental performance [12].

With kidney care contributing a substantial amount
of healthcare-based greenhouse gas (GHG) emissions,
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interventions reducing kidney care’s carbon footprint
would positively impact overall healthcare emissions.
Modelling from England indicated measurable reductions
in emissions following sustainability interventions at renal
centres [13]. While this analysis was specific to England,
similar opportunities are likely across Europe: applying
comparable process optimisations across EU kidney cen-
tres would be expected to yield substantially larger abso-
lute carbon savings, given the higher number of patients
treated and dialysis facilities in operation. In practice, sus-
tainable kidney care interventions have already been docu-
mented in multiple European countries, targeting clinical
transformation, procurement, waste management, water
use, and energy efficiency. This scoping review explores
sustainable process optimisations and technological inter-
ventions implemented globally in kidney care to reduce its
environmental impact alongside identifying key challenges
and opportunities.

Materials and methods
Search strategy

A scoping review was performed to identify literature
exploring environmentally sustainable interventions in kid-
ney care. This scoping review followed the PRISMA-ScR
methodology that systematically searches and reports on
scoping reviews [14]. The search was conducted in Sep-
tember 2024 using the databases of Embase, MEDLINE,
Scopus, CINAHL alongside grey literature aligning with
the search terms, such as case studies on sustainable kidney
care interventions. Keywords and phrases that were used in
the search included: chronic kidney disease, end-stage kid-
ney disease, renal care, kidney care, environmental impact,
dialysis, carbon footprint, environmental sustainability,
optimisations, systematic review, hospitals, dialysis units,
greenhouse gas emissions, life cycle assessment. The exact
search strategy can be found in Appendix 1.

This study is focussed on the overall environmental
impacts of kidney care and has reviewed initiatives that
reduce the environmental impact of ESKD and its path-
ways, including HD, PD, transplant, and conservative care.
The settings considered were hospitals, dialysis units or
renal centres and home in the case of home-based dialysis
treatments.

We searched grey literature through the Centre for Sus-
tainable Healthcare, NHS sustainability pages, and pro-
fessional repositories. We did not employ CADTH ‘Grey
Matters’ due to the domain-specific nature of renal sustain-
ability sources. Search terms and procedures are detailed in
Appendix 1.
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Study selection

The screening of all abstracts identified in the search was
done independently by two reviewers (A.Y and J.L) from
September to November 2024. Both reviewers met to
resolve any discrepancies and confirmed the list of papers
to be included in the full paper review stage. The same two
reviewers then conducted full text screening of the papers
that were included in this stage. A third reviewer (M.A) was
asked to resolve any discrepancies.

Data extraction

Covidence was used as the online software tool for managing
the scoping review process. Data extraction was conducted
by the same two reviewers. Covidence was used for refer-
ence import, automatic deduplication, blinded dual screen-
ing, and consensus management. The platform facilitated
title and abstract screening, full-text review, and data extrac-
tion. Data fields were pre-defined within Covidence, allow-
ing export to Excel for charting and synthesis. Reviewer
decisions and exclusion reasons were recorded directly in
the system to maintain an audit trail.

Reviewers used standardised questions to extract informa-
tion from the papers. General information on the paper such
as the title and authors was noted, alongside a description of
the intervention, the sustainability category the intervention
fit into and the modality of kidney disease it aligned with.
Data on the environmental impact (e.g. CO,e reductions)
and reported outcomes were also extracted. Economic and
social aspects were also considered.

Two existing frameworks were used as a guide to shape
the review questions: the Non-adoption, Abandonment, and
challenges to Scale-up, Spread, and Sustainability (NASSS)
framework alongside The Centre for Sustainable Health-
care’s (CSH) Green Team Competition Success Factors
criteria.

The NASSS is a framework developed to systemati-
cally evaluate the outcomes of complex innovation projects
in health and social care [15]. The framework specifically
analyses non-adoption, abandonment, scale-up, spread, and
sustainability. It includes seven domains: the technology, the
adopters, the wider system, the condition, the value proposi-
tion, the organisation(s) embedding and adaption over time.
The NASSS allows domains to be graded from complex
to simple where more complex projects can be deemed as
more likely to fail and provides a guide for implementing
useful strategies. Figure 1 displays a visual of the NASSS
framework.

The CSH’s Green Team Competition Success Factors
include 4 categories: people, process, resources and con-
text. For people, it evaluates the involvement of patients,
engagement of staff, cross-departmental communication,

and support of senior leadership. For process, it analy-
ses the level of guidance, strategy incentives, measurable
targets, long-term strategy, and integrations into natural
workflow. For resource, it evaluates the dedicated time,
the degree of quality improvement training, infrastructure
and equipment availability, evidence of implementation
success elsewhere, and financial investment. Lastly for
context, it looks at whether the aims align with the wider
service, if it links to patient and staff benefits, and the
organisational permissions, capacities and culture [16].
With the integration of the two frameworks, the review-
ers came up with the following questions to assess the
process optimisations and technological interventions:

e Does the paper discuss the optimisation/ technology
and have information on the level of certainty by staff
on what the optimisation is, where it comes from, its
performance, usability, acceptability, any required
adjustments to routine, and research evidence of change
successfully implemented elsewhere?

e Does the paper discuss the organisation’s capacity and
permissions, readiness for the change, ability to finance
the investment, whether it is easy to embed the change
to normal routine and workflow, the team functions,
the IT and infrastructure to provide teams with data,
equipment and dedicated time, the training and support
process for the quality improvement, incentivisation of
strategies, and clear guidance and evidence?

e Does the paper have information on the value propo-
sition including its commercial value, the benefit to
staff, patients and the healthcare system, whether there
are any links to clinical outcomes, whether the aims
aligned with wider service, organisational or system
goals?

e Does the paper mention who the intended adopters are
and the certainty level about how staff and patients
will adopt the optimisation, any long-term strategies
for embedding change at outset, measurable targets,
systematic and coordinated approaches, support from
senior leaders, team agreement on the changes being
suitable, skills/capability of staff, MDT/cross-depart-
mental communication, staff and patient engagement?

e Does the paper talk about the external context includ-
ing adversity/conduciveness: political, professional
bodies, patient groups, regulatory, commercial context,
limited learning from others?

Furthermore, the inclusion criteria followed in this
review were:

e Studies assessing environmental interventions in kid-
ney care around the world.
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7. Continuous embedding and
adaptation over time

5. Health/care
organisation(s)

tation w

3. Value
proposition

4. Adopter system
Staff, patients, carers

Articles evaluating carbon footprint reduction strategies
in kidney care and its pathways, including HD, PD, trans-
plant, and conservative care.

The settings considered were hospitals, dialysis units,
renal centres or home settings for home based treatments.
Papers addressing implementation challenges for sustain-
able kidney care practices.

Papers published after the year 2005. This was decided
as the number of papers published on the topic increased
significantly from this point onwards, reflecting more
focus on the area. The reviewers therefore thought that
papers before this date may not align with contemporary
perspectives.

This review focussed on interventions explicitly
designed or reported to improve environmental sus-
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1. CONDITION
= Nature of condition or illness
= Comorbidities
* Sociocultural factors

2. TECHNOLOGY
* Material properties
* Knowledge to use it
* Knowledge generated by it
* Supply model
* Who owns the intellectual property?

3. VALUE PROPOSITION
* Supply-side value (to developer)
* Demand-side value (to patient)

4. ADOPTERS
e Staff (role, identity)
* Patient (passive vs active input)
e Carers (available, type of input)

5. ORGANISATION(S)

= Capacity to innovate in general

* Readiness for this technology

* Nature of adoption and/or funding
decision

* Extent of change needed to
organisational routines

* Work needed to plan, implement
and monitor change

6. WIDER SYSTEM
* Political/policy context
* Regulatory/legal issues
* Professional bodies
* Sociocultural context
= |nterorganisational networking

7. EMBEDDING AND ADAPTATION
OVER TIME
* Scope for adaptation over time
* Organisational resilience

Fig.1 NASSS Framework, from Greenhalgh T, How to improve the success of technology projects in health and social care

tainability in kidney care. Broader nephrology studies
addressing sustainability indirectly, such as deprescrib-
ing or laboratory stewardship, were excluded from the
main dataset but are cited in the Discussion for context.
Papers needed to include an identifiable intervention;
purely descriptive or editorial material was excluded

The exclusion criteria followed in this review were:

Conference abstracts

Opinion pieces or call for action papers with no actual
intervention

Studies not explicitly related to kidney care sustain-
ability

Studies before the year 2005
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Results
Study selection

A total of 2,512 records were identified through electronic
databases including Embase (n=867), MEDLINE (n=2847),
Scopus (n=685), CINAHL (n=51), and grey literature
(n=62). After the removal of 12 duplicates, 2,500 records
were screened by title and abstract. Based on the inclusion
criteria, 221 studies were chosen to assess for eligibility,
leading to the exclusion of 2,255 articles. Upon the full
paper review of the 221 studies, 95 papers were deemed
suitable to include in the scoping review, further excluding
126 articles (Fig. 2).

Distribution by modality

Most studies focussed on interventions in HD (n=158), fol-
lowed by CKD (n=19), transplantation (n=6), PD (n=5),
haemodiafiltration (HDF) (n=3), and very low kidney func-
tion care (VKD)/ conservative care (n=1) (Fig. 3). This dis-
tribution reflects both the high environmental burden of HD
and the relative availability of interventions documented in
the literature. Nevertheless, several relevant initiatives were
identified across all modalities.

Sustainability categories and type of interventions

The 95 included studies were mapped into 16 sustainability
categories, grouped by categories (Fig. 4). The most fre-
quently addressed categories were:

e Water use (n=18): including reverse osmosis (RO) water
reuse for non-clinical purposes like cleaning and sanita-
tion [8, 17-33].

e Waste management (n=17): such as improved clinical
waste segregation, plastic reduction, and packaging rede-
sign [34-49].

e Procurement optimisation (n=11): including high-ratio
concentrate solutions (e.g. 44:1, central acid delivery),
reusable containers, and environmentally preferable
materials [50-60].

e Travel-related emissions (n=9): mainly tackled via tel-
emedicine, home-based care, and virtual consultations
[61-69].

e Policy (n=38): targeting changes in institutional govern-
ance, reporting frameworks, and integrated sustainability
planning [70-77]

e Energy efficiency (n="7): including dialysate flow reduc-
tions, LED lighting, solar energy installations, and heat
exchangers [78—84].

e Reuse (n=06): e.g. filters, or durable items [32, 85-89]

Other less frequent categories included treatment pathway
redesign and pharmaceutical waste reduction [90-107].

No included study directly compared the scale of envi-
ronmental savings between different renal replacement
modalities.

Haemodialysis

HD related sustainability interventions were the most fre-
quent and diverse, spanning all sustainability categories.
Key strategies included:

e Clinical transformation through remote consultations
(e.g. phone clinics, asynchronous platforms like Patients
Know Best), reducing unnecessary travel and facilitating
patient-centred care.

e Supply chain optimisation, such as:

o Central Acid Delivery Systems to eliminate single-
use containers

o High-concentration acid solutions (e.g. 44:1), reduc-
ing packaging and shipping needs [91]

o Packaging redesigns using low-density polyethylene
(LDPE) to reduce plastic use [5]

e Water efficiency, primarily through reuse of RO reject
water for non-clinical applications, avoiding potable
water waste [19, 23, 25, 35].

e Energy savings, including:

o Dialysate flow reductions from 500 to 400 mL/min
[93, 94, 105, 108]

o Solar-assisted dialysis [29, 80].

o Heat recovery systems and efficient lighting [82].

e Waste management, with interventions in material seg-
regation, medication waste reduction, and infrastructure
changes [34, 40, 106, 107].

Chronic kidney disease

In CKD settings, interventions targeted upstream practices,
often involving paper use reduction, pharmaceutical waste
management, and remote monitoring. Key findings include:

e Paperless systems and automation of lab results, reducing
material use and clerical errors [47]

e Medication optimisation: better prescribing, stock man-
agement, and deprescription practices aimed at reducing
unused drugs [106, 107]
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Fig.2 PRISMA Flow Diagram

some nephrology clinics resulting in improved access

e Travel reduction strategies such as remote care pathways
while reducing emissions associated with it [67, 68, 109,

(e.g. home BP monitoring, digital records), virtual check-
ins or community-based services were also observed in 110]
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Fig. 3 Number of optimisations
by modality

Fig.4 Number of optimisations
by sustainability category

Transplantation

Few studies focussed specifically on transplant settings, but

those included:
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Peritoneal dialysis

PD was underrepresented despite being a home-based
and potentially lower-impact modality. Notable examples
included:

Digital tools to coordinate pre- and post-transplant care
[61, 63]

Efforts to optimise medication use and delivery logistics
[65]

Education platforms and teleconsultation services that
allowed stable patients to be managed closer to home
[62, 69]

In the UK, the number of transplant recipients exceeds

that of patients receiving in-centre HD.

Delivery optimisation to reduce packaging and shipment
frequency [64]

Local storage and reuse of packaging materials [43, 44]
Training adaptations to encourage environmentally con-
scious practices (e.g. appropriate disposal of dialysate
bags and medication vials) [38]

One study addressed energy savings in PD cyclers,

although data were limited [42].

@ Springer



2304

International Urology and Nephrology (2026) 58:2297-2314

Haemodiafiltration and conservative management

HDF is a refinement of HD, and most process-based inter-
ventions described for HD are also applicable to HDF,
though water use is typically higher.

Only a few studies were explicitly focussed on HDF, with
interventions similar to those in HD regarding flow rates,
energy usage, and waste minimisation [103, 111]. VKD
patients (very low kidney function opting for conservative
management) were the least represented, with only one men-
tion related to telemedicine and home monitoring [68].

Settings

Most HD studies were conducted in tertiary and satellite
hospital units in high-income countries, with a minority
involving home therapies. PD studies were mainly home-
based. Transplantation interventions occurred in tertiary
centres and telehealth-supported follow-up programmes.
Chronic kidney disease studies focussed on outpatient or
community nephrology services.

Distribution by review questions

When analysed in light of the review questions derived
from the integrated frameworks (NASSS and CSH’s Green
Team Success Factors), a clear pattern emerges (Fig. 5).
Each study was assessed against five domains—7echnol-
ogy, Organisation, Value Proposition, Intended Adopters,
and External Context. For each domain, we recorded a
“yes” if the paper provided information relevant to that
domain (e.g. describing a technological optimisation,

Fig.5 Heatmap of 'Yes' counts
by kidney care modality and the

review questions based on the o 16 13
NASSS and CSH’s Green Team O
Competition Success Factors
(Categorised by: Technology,
Organisation, Value Proposi- 2
tion, Intended Adopters, Exter-
nal Context) >
S 2
S E
=
Q- 5 4
o
| =
o
>- 6
=
©
= :
Q
\OQA 6'00
& &
foX 2
<@ &
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organisational readiness, value for patients or health sys-
tems, intended adopters, or contextual enablers/barriers).
Figure 5 therefore illustrates the number of studies that
addressed each domain (“yes counts™) across different
kidney care modalities, showing where evidence is more
concentrated and where it is comparatively lacking. The
majority of interventions were mapped under the Technol-
ogy and Value Proposition domains, particularly in hae-
modialysis, reflecting the strong emphasis on equipment-
level optimisations, process efficiencies, and demonstrable
environmental and economic gains. Organisation and
External Context followed a similar trend, again with hae-
modialysis predominating but also notable contributions
from CKD-focussed interventions, which often addressed
broader systemic or upstream factors such as policy align-
ment, resource use, and digital care models. By contrast,
Intended Adopters was consistently the least represented
category across modalities, indicating that staff engage-
ment, patient perspectives, and long-term embedding strat-
egies were less frequently considered or reported.

Taken together, this distribution highlights how most
published interventions were designed and reported pri-
marily through a technological and value-for-money lens,
with relatively less explicit attention given to organisa-
tional readiness, contextual enablers, and especially adop-
ter engagement—dimensions emphasised by the NASSS
and Green Team Competition frameworks. This suggests
that while many interventions demonstrate environmental
and economic benefits, further research should more sys-
tematically assess how such initiatives perform in terms
of stakeholder engagement, equity, and alignment with
system-wide sustainability goals.

Heatmap of "Yes' Counts by Modality and Category
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Interventions with impacts on carbon emissions

Table 1 shows the interventions’ impacts on actual carbon
emissions, categorised by intervention type and treatment
modality. Waste management strategies together with water
reduction and travel minimisation prove to have a great
impact on sustainability.

Discussion

This scoping review mapped 95 sustainability interventions
across all major areas of kidney care. While HD dominated
both the number and diversity of interventions—reflecting
its resource-intensive nature—important and novel strategies
were also identified in CKD, transplantation, PD, HDF, and
conservative care/ VKD. Some general nephrology initia-
tives not labelled as environmental, such as deprescribing,
test stewardship, and patient-led improvement work, also
support sustainable practice and merit integration into future
sustainability analyses.

The interventions covered a wide spectrum of sustainabil-
ity categories, with water efficiency, waste reduction, pro-
curement, and travel-related emissions emerging as the most
common targets. Across modalities, the reviewed interven-
tions included both structural and behavioural approaches,
from telemedicine and digital health platforms to supply
chain redesign, packaging improvements, and equipment-
level optimisation.

Haemodialysis: high impact, high innovation

HD interventions were the most extensively documented,
likely due to the modality’s disproportionate contribution
to healthcare-related environmental impacts, particularly
greenhouse gas emissions, water use, energy consumption,
and plastic waste, as well as its higher global prevalence
compared to PD, which positions it as a natural focal point
for sustainability efforts. Studies targeting dialysate flow
reductions, acid concentrate packaging, central acid deliv-
ery systems, and heat exchangers offer replicable solutions
with demonstrable environmental and economic benefits.
Clinical transformation initiatives—such as remote con-
sultations and asynchronous care via platforms like Patients
Know Best—reflect a growing move toward low-carbon
models of care delivery that enhance patient autonomy while
reducing emissions from patient and staff travel [112].
Some clinical transformations focus on reducing travel to
the hospital. For example, through setting up telephone clinics
and virtual consultations, patients can access appointments
without the need of going into hospital, hence reducing GHG
emissions associated with travel and the outpatient appoint-
ment itself. Developing a system where the hospital schedules

appointments over the phone, and blood tests, blood pressure
and weight readings are taken prior to the phone appointment
will facilitate virtual appointments [61]. Establishing phone
tariffs to cover the calls might be required if not in place
already [69]. Other methods to carry out virtual consultations
include the use of software or apps which have two-way mes-
saging features and accessible patient care plans [63, 67]

Switching to central acid delivery is another optimisa-
tion where acid is delivered to dialysis units in bulk load,
pumped into holding tanks and then distributed to dialysis
machines via a piped loop system [90]. This initiative helps
to make HD more sustainable as it reduces both acid waste
and packaging waste. Other options for more sustainable
acid solutions include working with manufacturers to change
acid concentration levels. For example, the development of
44:1 concentrate solutions has reduced container size and
helped lower transport-related emissions by decreasing road
freight volume [91, 113]. Additionally, manufacturers using
low density polyethylene (LDPE) lightweight packaging to
replace the rigid high density polyethylene plastic packag-
ing also help to significantly reduce the plastic waste of a
kidney unit [92].

Other changes implemented to reduce the carbon foot-
print of ESKD can involve infrastructure- and estates-level
changes. Installing solar panels to dialysis units can allow
dialysis sessions to be powered with renewable energy [29,
78]. This could help to reduce the environmental burden of
dialysis sessions and lead to energy cost savings.

Water use is one of the most wasteful components of
dialysis with around 500 1 used per treatment [114]. This is
assuming that the dialysate flow is 500 ml per minute requir-
ing 125 1 of water for a patient where two thirds of the water
is rejected in reverse osmosis [92]. Therefore, initiatives to
reduce water use and reuse reject water are also impactful
in reducing the environmental impact of dialysis. Reducing
water use could be done through initiatives such as reducing
dialysis fluid flow rate to 400 ml per minute where water will
be saved without compromising clinical outcomes [94, 102].
Also, as the rejected water does not encounter the patient
and does not carry any infection risks, it could be reused
in activities such as toilet flushing or laundry, through the
installation of a reverse osmosis plant [23, 26, 27].

Other hotspots that could be targeted to reduce the envi-
ronmental impact of ESKD are reducing paper use in clinical
practices, for example by automating blood test results [47],
and introducing waste segregation systems to improve waste
management at the hospital [40, 106, 107].

CKD, PD, and transplantation: emerging
opportunities

CKD-focussed interventions were generally broader in scope
and upstream in nature, addressing prescription practices,

@ Springer



International Urology and Nephrology (2026) 58:2297-2314

2306

*94(0C AQ SUOISSIWA UOQIED PAONPay

YT 10} AL AT M08
® 10 [ 9T 10} qINQIYSI] M-00] © Jomod 03 pasn 2q ued A319ud SIYJ, ‘Teok

1od ypY L8 pue Kep 1od K1101130979 JO YA 91 03 dn 9je1ouad 0) 9[qe
SeM QOIAQ(] "WISAS S1y ySnoayy Jeak 1od 90D 8 0og 01 dn umop nD

‘1eak 10d 90D 8Y §8°H9. 18 parewInsa sSuIAes uogie)
‘1eak 10d 90D 8Y §8°H9. 18 parewInsa sSuIABS uoqIe)

"q1sem dd dd Surokoar ySnoy 960D Suo) oo g6 1 JO sSuraes uoqie))

*9)SeM [BOIpoW
JO uonoNPaAI 3 UOI[IW £ ] AJBAID UBD JIS SISA[RIP 1IYSTI] Y3 Jo o3esn oy,

1eak 19d 90D 8y §998 18 parewnsa sTuraes uoqIe))

(%003 6+T-7L1) 2Isem WOy AT10Ud [IIm
uonesaurout arjeraduwo) Mol Aq pamor[oj ‘(0DSY §9-17) Po[okdar
SIJ1 UQUM 1SOMO] sem disem Tendsor] Jo auuoy Jod Juridiooy uoqreds oy,

‘169K 10d 9D JO soUU0) 7'G] 1k s3urAes uoqIe))

‘1eaA 10d 970D Y 60T I8 perewINs SIUTABS UOQIR))
‘189K 19d 970DINOYE 1B PareWIIS sFuIAeS uoqre)

‘189K 1od souuo) G [ ‘QIsem
[eorurd paonpay 1od 97D seuuo) /48°97 e PIjewns SSUIAeS uoqIe))
‘SISATeIp
Teauoyrrad 0y paredwos 9,606 pue sisA[erpowaey o3 paredwods %/°66
£q 10rdWI [RIUSWUOIIAUD SOSBAIOOP poldd ek G| ' 1940 sjuefdsuel],

‘A[renuue 9703y 000 18 PAIBWNS SSUIABS U0GIRD)

"Z0D3N SE0°T
Jo Suraes e 0 sojenba sIy [, "[810) UI [9ABI) PISLIOIOW JO SO[IW /TG PIARS

189k 10d 9D JO soUU0) §/ "9 1B SSurALS UOQIR))

1ok 10d 90D YOt 18 parewnse sguraes uoqre)

ek 10d 990D 00T 18 perewnse sSuraes uoqIe))

“Teak & 9YQD Seuuo) ¢/ 9 e pajewnsa sSuIAeS uoqIe))

‘urreday Jo Juridi00y uoqIed Ayl JO %G| UeY) SSI[ Sy eNId Juls)
Jy3raxy

peol paaes woij 1eaA 10d oY) souU0) 7791 Je parewnsd sSuIALs uoqIe))

‘104 10d 9°0DSY 669°L Suraes ‘v)sem
SurSeyoed paonpay 1eak 19d 9°QDSY Oce g Suraes ‘9FeIsem proe paonpay

dH

dH
dH
dH

dad
dH
ao
ao

ao
dH

dH

dH

@A
juerdsueiy,

juerdsuely,
aH

aio
juerdsuely,

ao
dH

dH

dH

IOBM

I91BM
I91BM
I91BM

IS
EINCIYY
RNV
IS

QIS
ISEA

RN

ISEA

Kemyyed juounjealy,
[eARI]

[oARI],
[oARI],
[oARI],
[oARI],
JUAWAINO0IJ

SUOTJEOIPOIA]
QJEIUIIUOD PIOY

QJBIUIOUOD PIOY

uondwnsuods A3rous asrururw o) sdwnd paads
9[qerreA pue puewop o3 Surpioode Jndino den3ar o) spowr ODH ue
QARY JBY) SWAISAS MU [)Im W)sAs uoneoyrnd 1a1em pro oy Juroejdoy

19JeM JUINJO SISA[RIPOWRY WOIJ AJIOLIIOI[ JO UOT)RIOUST 9[qemaudy]
jiun SISATRIp Q) WoIjy Iajem 101 Jurjohooy
uononpoid wes)s Joj SISOWSO 9SIOAI WOIJ Jajem J09[a1 Jo asnoy

ouwrwrer3oid sisATerp
owoy e ur sonse[d sIsATeI( [eau0)LIdd [qe[I4931 JO uoneoynuens)

J)Sem TeoIpawr SurSeue|y

pIeoqpIed pue s9[330q Jo Sur[oAoa1 pue Suregqg

Teadsoy 3] & ur sweans dsem jo Juridjooy uoqred oy,

sauIyorRwW
3ureq Jo asn ) y3noIy) weans SuroAdo1 AY) 03 ASeM JO UOISIOAI(]

SuroKoa1 pue asnar ‘uononpar raded

s)nsax
Anstayooiq pue K3ojojewraey sisArerp aunnoi jo 3untodar ssopradeq

*9)SEM J1)SAWOP 0) WEANS )SEM [BD
-IUI[O 9U) WOIJ Aeme PIIdAIP Feq 2JeU0qIedIq PUB SIIOUSIAWR 10f Feq
aurpes e 3urduey jo 9on0e1d Aressooouun oy} Surddols - uononpar aIsep

uonejue[dsuer sA SISATRIP Jo Joedwll [RJUSWIUOIIAUD Y],
‘uoneynsuod suoydarey Aq syuardioar yuejdsuen [euar jo dn-moj[oj oy,

100(01d Juowaroxdwr Ayirenb pouSisapoo-juoned e
y3noxy) syuardroar juejdsuery Aoupry 10J 901AIOS OIUI[I-9[9) © SUTYSI[qRISH

Qwioy 0} Joreau JursAferq

qwuwrerdold juowoFeuew 9seasIp € Jo 1red € se Suriojiuow (3D oWy
syuardroar juefdsuern euar dn-mo[[oj 03 sorurd auoydo[ay,

SOTJOIqTIUE SNOUSARIIUT JO UOTIENSIUIWPE SNJO] -UONONPAT AISBA\
sisA[erpowoeH ur urredoH 0} 9ANRUId)[E UR SB jen1) Juisn

uonnjos 9jenuaduod mﬂm\ﬁNmUOEONE IR %7

SISATRIPOWORY J0J PIOB JO AIQAI[p [BNUSD)

SUOISSIUIA UoqIed uo joedury

£yI[epow JuduI)BAL],

£10390R)

UOTUIAIU]

Ayrepowt Jusunyearn pue adA) uonuoAlaul Aq pasiI05a1ed ‘SSUIABS UOISSIWD UOQILD YIIm SUONUIAIIUI JO 9[qE], | 3]qeL

pringer

AQs



International Urology and Nephrology (2026) 58:2297-2314

2307

paperless administration, and patient self-monitoring [73].
These efforts align well with planetary health principles by
preventing disease progression and reducing dependence on
high-resource interventions [115].

PD despite its theoretical advantage as a home-based
therapy with fewer infrastructural demands, was underrep-
resented. A handful of studies addressed waste reduction in
supply deliveries, local material reuse, and training for sus-
tainable practices, but further research is needed—especially
regarding environmental trade-offs between CAPD and APD
modalities [116, 117].

Transplantation-related sustainability remains a research
gap. While studies highlighted remote follow-up and medi-
cation logistics, more comprehensive evaluations are needed
to understand the full environmental and economic implica-
tions of transplantation compared to dialysis, particularly
over the long term [118].

Underexplored areas: pharmaceuticals, reuse
and conservative care/ VKD and co-benefits

Pharmaceutical waste, though a recognised issue in nephrol-
ogy (particularly in CKD and post-transplant patients) [119],
was infrequently addressed. Optimising medication stocks
and prescribing behaviours can reduce both waste and costs,
yet this area remains underdeveloped compared to others
such as water or energy efficiency.

Dialyser reuse, historically associated with cost-contain-
ment in low- and middle-income countries, is now being
reconsidered in high-income settings as a sustainability strat-
egy in response to the ecological emergency [120]. When
conducted under validated protocols, dialyser reprocessing
has been shown to preserve clinical adequacy and safety
while significantly reducing plastic and packaging waste.
Nonetheless, adoption remains limited due to persistent cul-
tural concerns, regulatory restrictions, and the absence of
updated guidelines [121]. Reintroducing dialyser reuse into
routine practice would require a multipronged effort: further
research into safety and cost-effectiveness, regulatory reform
(e.g. enabling Article 17 in EU countries), engagement of
industry stakeholders in viable economic models, and a
gradual shift of healthcare systems towards circular resource
use. These developments reflect a growing consensus that
circularity principles, long underutilised in nephrology, offer
promising co-benefits for both environmental sustainability
and system resilience.

The complete lack of sustainability research in patients
with very low kidney function opting for conservative care
is striking. As the population ages and more patients opt
for conservative care, it is essential to develop low-impact,
supportive models that prioritise quality of life and avoid
unnecessary interventions [122—124].

Finally, the adoption of sustainable interventions such as
remote consultations, home-based dialysis modalities, incre-
mental haemodialysis, and conservative kidney management
offers not only environmental benefits but also recognised
health co-benefits. Remote care pathways have been asso-
ciated with improved patient experience, engagement, and
treatment adherence, while reducing the burden of travel
without compromising care quality [125, 126]. Home-based
therapies, particularly peritoneal dialysis with remote moni-
toring, have demonstrated improvements in quality of life,
autonomy, and patient-reported outcomes [127]. Incremen-
tal haemodialysis, which individualises treatment frequency
according to residual kidney function, has been associated
with better preservation of residual function, fewer hospi-
talisations, lower symptom burden, and non-inferior survival
compared to conventional thrice-weekly schedules [128].
When aligned with patient values and preferences, conserva-
tive management may further reduce unnecessary interven-
tions and hospital admissions, facilitating more holistic,
low-impact models of care that support both planetary and
patient wellbeing [129].

This review highlights a need for standardised metrics
to assess environmental performance in kidney care. Only
a small number of interventions reported quantitative out-
comes in terms of kg CO, equivalence, kWh, litres of water
saved, or waste volumes. Adoption of LCA methodologies or
alignment with ISO 14040/44 standards would significantly
improve comparability and validity [130].

Additionally, the heterogeneity in study design—from
audits and case reports to full implementation projects—
limits generalisability [5]. Many reports lacked economic
evaluation or stakeholder feedback, and few addressed unin-
tended consequences (e.g. workload shifts, digital exclusion,
or rebound effects) [15].

The analysis of the review categories, based on the
NASSS framework and the CSH’s Green Team Compe-
tition Success Factors (Fig. 5), reveals that sustainability
interventions in kidney care are unevenly distributed across
modalities and categories. Haemodialysis showed the high-
est number of optimisations in all domains, particularly in
the Technology and Value Proposition categories, reflect-
ing the high material and energy intensity of HD and the
focus of innovation efforts on equipment, consumables, and
process efficiency. Chronic kidney disease interventions,
while fewer overall, were more evenly spread across cat-
egories, suggesting a broader range of intervention types
at earlier stages of the patient pathway. In contrast, peri-
toneal dialysis, haemodiafiltration, and transplantation had
fewer documented optimisations, indicating potential gaps
or under-reporting of sustainability initiatives in these areas.
This imbalance highlights an opportunity for future research
and intervention design to extend beyond HD, ensuring that
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sustainability strategies are applied comprehensively across
all kidney care modalities.

Beyond this descriptive mapping, triangulation of the
CSH’s Green Team success factors with frameworks like
the Sustainable Value framework [131] will provide further
insights. We combined the NASSS and CSH Green Team
frameworks because no single validated framework exists
for assessing environmental interventions in healthcare. This
highlights the need for standardisation of evaluation tools to
strengthen future research.

While many interventions quantified environmental and
economic benefits, relatively few addressed cross-discipli-
nary teamwork, staff engagement, or long-term integration
into clinical workflow—dimensions emphasised by the
Green Team framework [16]. Indeed, an integrative review
of healthcare "Green Team" initiatives found that staff
engagement, alongside policy support, external collabora-
tion and organisational structure, was one of the four main
facilitators of success in environmentally sustainable initia-
tives [132]. Likewise, applying the Sustainable Value lens
shows that social dimensions such as patient experience,
equity of access, and staff wellbeing were rarely considered.
Recent evidence shows that organisational culture and job
satisfaction are central to sustainable healthcare quality: by
optimising processes and reducing waste, healthcare services
can enhance staff wellbeing and ultimately improve patient
care—underscoring the importance of embedding social
value criteria into sustainability interventions [133]. Taken
together, these findings suggest that the current literature
has largely prioritised measurable technical and economic
outcomes, while underreporting organisational, contextual,
and social aspects that are equally important for long-term
adoption and system-wide sustainability. Embedding Green
Team and Sustainable Value criteria more explicitly in future
studies would strengthen the evidence base, ensuring that
sustainability interventions in kidney care are not only envi-
ronmentally and economically effective but also feasible,
acceptable, and equitable across diverse contexts.

While the search was comprehensive, potential limita-
tions include publication bias toward positive or innovative
results, and underrepresentation of grey literature and non-
English sources [14]. Moreover, most interventions origi-
nated from high-income countries, highlighting the need
for context-specific solutions in low- and middle-income
settings. Also, as is consistent with scoping review meth-
odology, no formal risk of bias or certainty assessment was
performed, and no meta-analysis or synthesis of effect meas-
ures was conducted. This approach is appropriate given the
exploratory nature of the review and the heterogeneity of
study designs, but it should be noted as a limitation in the
interpretation of results.

Our findings support the integration of sustainability
principles into routine nephrology care, aligning clinical

@ Springer

outcomes with respect for planetary boundaries. This shift
can be facilitated by professional societies, regulators,
and procurement agencies through the incentivisation of
low-impact practices such as low-flow HD and the use of
reusable consumables, the incorporation of environmental
criteria into procurement tenders and clinical guidelines,
and the promotion of staff education and sustainability
literacy across kidney care services.

Healthcare organisations can also implement multi-
modal interventions that address travel, procurement, and
waste simultaneously, maximising co-benefits for patients,
providers, and the environment [134, 135].

Crucially, many sustainability interventions identified
in this review were cost-saving or cost-neutral, offering
a strong economic case for action even in resource-con-
strained systems.

Few studies incorporated patient or donor perspectives.
One relevant report from Canada included patient-gener-
ated sustainability ideas. Greater inclusion of patient voice
and co-design is needed in future sustainability work.

Environmental sustainability should be embedded
within all kidney care activities rather than treated as
a specialist niche. Many established practices already
align with sustainability principles, including extending
transplantation and peritoneal dialysis where clinically
appropriate. Integrating environmental goals into every-
day decision-making supports a planetary health model
of kidney care.

Optimising clinical management choices has significant
sustainability implications. Examples include promoting
home rather than centre-based haemodialysis where safe,
supporting peritoneal dialysis, using incremental starts,
balancing RRT versus conservative management, and
timely transition to palliative approaches. These deci-
sions should integrate both clinical and environmental
considerations.

Environmental context modifies the impact of sustain-
ability interventions. For example, water reuse or recovery
is particularly relevant in arid or semi-arid regions, while
energy-related interventions yield greater benefits in areas
with high grid carbon intensity.

Future research should prioritise longitudinal studies
that include robust environmental and economic impact
assessments [13, 50], while also ensuring the inclusion of
diverse patient populations and treatment modalities such
as PD, conservative kidney management, and transplanta-
tion. Co-design with patients and healthcare staff is essen-
tial to enhance the acceptability, feasibility, and equity of
interventions, and consistent reporting using tools like the
SQUIRE 2.0 checklist or a dedicated environmental qual-
ity framework will be key to improving transparency and
comparability across studies [136].
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Conclusion

This scoping review reveals a growing landscape of innova-
tion in sustainable kidney care, yet underscores the urgent
need for coordination, standardisation, and system-level
thinking. Nephrology faces a pivotal moment: rising envi-
ronmental challenges and growing inequities make sustain-
able transformation both urgent and achievable. By advanc-
ing interventions that are evidence-based, environmentally
sound, and designed with attention to equity and access, the
kidney community can lead by example toward a greener,
healthier future.

Limitations

However, despite the maturity of this field in HD, inter-
ventions were highly variable in methodology, scope, and
reporting standards. Many were pilot programmes or qual-
ity improvement projects without long-term follow-up or
consistent metrics, limiting comparability and scalability.

Implementation challenges included short project time-
lines, limited follow-up, staff turnover, inconsistent funding,
and lack of evaluation metrics. Some digital or waste inter-
ventions increased workload for staff or patients, or shifted
impacts to other parts of the system. Infection control and
regulatory barriers also limited scale-up. These findings
highlight the need for long-term monitoring and system-
level coordination.

Most included studies originated from the United King-
dom and other high-income regions, reflecting the current
distribution of published work. This geographic concen-
tration limits generalisability to low- and middle-income
settings.

The review included studies published from 2005 to 2025.
Earlier sustainability initiatives may have been excluded,
though few pre-2005 renal publications addressed environ-
mental topics. Future reviews could examine archival mate-
rial to assess this potential gap.

Due to heterogeneity in intervention design, outcome
units, and reporting standards, quantitative synthesis or
meta-analysis was not feasible. Standardised reporting
frameworks are required to enable future comparative
analysis.

Appendix 1

Keywords and phrases used in the search strategy included
the below:

Chronic kidney disease
2 End stage kidney disease
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3 Renal care
4 Kidney care
5 Environmental impact
6 Dialysis
7 Carbon footprint
8 Environmental sustainability
9 Optimisations
10 Systematic review
11 Hospitals
12 Dialysis units
13 Greenhouse gas emissions
14 Life cycle assessment
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