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Hemodialysis, hemodiafiltration, and peritoneal dialysis 
are among the most resource-intensive medical therapies, 
owing to their high energy and water consumption, heavy 
reliance on disposable materials, and frequent, recurring 
delivery. Although “green dialysis” initiatives have been 
adopted in some regions, broader implementation is 
needed, together with the development of new 
technologies and care models to further mitigate the 
environmental impact of dialysis. In April 2025, Kidney 
Disease: Improving Global Outcomes (KDIGO) held the 
Controversies Conference on Green Dialysis: 
Environmentally Sustainable Care, Growth, and 
Innovation. Participants included physicians, nurses, 
patients, and engineers who examined how existing 
hemodialysis (in-center and home) and peritoneal dialysis 
practices might be optimized to promote environmental 
sustainability. Additionally, opportunities for green 
innovations in dialysis procedures and technologies were 
identified. Recognizing the need for urgent and 
coordinated action among patients, clinicians, and 
organizations, participants also discussed how industry,

policy, and regulations could support embedding 
environmental sustainability within dialysis care.
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T he converging environmental crises of climate change,pollution, biodiversity loss, and freshwater depletion 
pose escalating threats to global and kidney health. 

The health care sector is a major contributor, responsible for 
5.2% of global greenhouse gas emissions, 1 while also 
consuming vast amounts of water and generating immense 
waste. 2,3 Hemodialysis and peritoneal dialysis (PD) are 
among the most resource-intensive medical therapies, driven 
by their recurring nature, high energy and water consump-
tion, and reliance on disposable materials. 4–6 Reducing the 
environmental footprint of dialysis is therefore both an 
ethical and an emerging regulatory imperative. In an 
increasingly resource-constrained world, and as the number 
of people requiring dialysis grows, improving sustainability is 
also a practical necessity to maintain or improve quality of 
care and to increase access, especially in underserved regions. 
Furthermore, as dialysis availability increases in low- and 
middle-income countries, it must be implemented in envi-
ronmentally sustainable ways to avoid exacerbating envi-
ronmental injustice—for example, by aggravating pollution 
or water scarcity.
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Although innovative “green dialysis” initiatives have been 
variably implemented in the United Kingdom, the European 
Union, Australia, and elsewhere, 4,7–11 widespread adoption is 
needed. In parallel, new technologies and care models must 
be developed to further mitigate the environmental impact of 
dialysis. To advance this agenda, in April 2025, Kidney 
Disease: Improving Global Outcomes (KDIGO) held the 
Controversies Conference on Green Dialysis: Environmen-
tally Sustainable Care, Growth, and Innovation in Berlin, 
Germany (https://kdigo.org/conferences/green-dialysis/). 
Conference participants, including physicians, nurses, engi-
neers, dietitians, and patients, considered how existing he-
modialysis (in-center and home) and PD practices might be 
optimized and identified opportunities for green innovations 
in dialysis care.

Foundational concepts
From the outset, conference attendees agreed that efforts to 
reduce the environmental impact of kidney care must fore-
most focus on promoting health, identifying early kidney 
disease, and slowing disease progression. Furthermore, they 
underscored the importance of improving access to and 
optimizing nondialysis kidney failure therapies (trans-
plantation and supportive care). However, given the 
disproportionately high environmental impact of dialysis and 
the growing number of individuals requiring it, the confer-
ence focused specifically on the environmental sustainability 
of maintenance dialysis. Many concepts may also apply to 
acute dialysis, but this was deemed out of scope, as were 
health system considerations not specific to dialysis, such as 
patient and staff travel and the environmental impact of 
medications.
A crosscutting conference theme was that health care 

sustainability—defined as the capacity of a health system to 
deliver care over time, with consideration for future gen-
erations—should be recognized as a core domain of quality 
health care and assessed using a “triple bottom line” 
approach, measuring health outcomes relative to environ-
mental, social, and financial costs 12 (Figure 1). This 
approach positions patient outcomes as the numerator in 
the value equation while acknowledging the broader im-
pacts of health care delivery. Reflecting this, patient per-
spectives were sought during conference discussions, with 
patient attendees emphasizing the importance of environ-
mental sustainability to their well-being and their experi-
ence of dialysis care. Participants also relied on “life cycle 
thinking” to identify strategies to improve the environ-
mental sustainability of dialysis. This framework considers 
impacts across the full life cycle of products or services 
(Figure 2). 13,14 In prioritizing strategies, they applied the 
waste hierarchy (ranked from most to least preferable): (i) 
prevention (waste reduction), (ii) reuse, (iii) recycling, (iv) 
other recovery (e.g., energy recovery), and (v) disposal (e.g., 
landfilling and incineration). 15 Box 1 displays additional key 
concepts and terms.

Optimization of existing clinical and operational processes
Dialysis prescriptions. Conference attendees acknowl-

edged that reducing the frequency or length of dialysis offers 
environmental benefits. In parallel, and consistent with the 
principle of value-based health care (Figure 1), 12 they 
emphasized that any prescription adjustment must not only 
maintain but also ideally enhance patient outcomes.
Personalizing the timing of dialysis initiation and adopt-

ing incremental dialysis were identified as ways to reduce 
environmental burden without compromising care. Ran-
domized trial data show no survival disadvantage with later 
dialysis initiation, 16 and most guidelines therefore recom-
mend commencing dialysis only when clinical indications 
arise rather than at an estimated glomerular filtration rate 
threshold. 17–19 Incremental PD similarly achieves survival 
outcomes comparable to standard regimens, with potential 
benefits including preservation of residual kidney function 
and improved quality of life. 20–23 The International Society 
for Peritoneal Dialysis guidelines endorse incremental PD, 
provided small-solute clearance targets are met and residual 
kidney function is monitored, 24 and its uptake is increasing. 
By contrast, despite growing evidence that incremental

Domains
of quality

Outcomes for patients and populations

Environmental + social + financial impacts
(the ‘triple bottom line’)

Value =
T

im
el

in
es

s

Effic
iency sustainability

Environmental

S
afety

Patie
nt

ex
pe

rie
nc

e

Equity

E
ffectiveness

Figure 1 | The value of sustainability in health care. Adapted 
from Future Healthcare Journal, Volume 5, Issue 2, Frances Mortimer, 
Jennifer Isherwood, Alexander Wilkinson, Emma Vaux, Sustainability 
in quality improvement: redefining value, Pages 88–93, 12 Copyright 
ª Royal College of Physicians 2018. All rights reserved, with 
permission from Elsevier under the terms of a CC BY-NC-ND 4.0 
license, https://creativecommons.org/licenses/by-nc-nd/4.0/.
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hemodialysis achieves outcomes equivalent to standard 
initiation and may provide benefits similar to incremental 
PD, its adoption remains limited. 25–27

To increase appropriate use of personalized dialysis 
initiation and incremental dialysis, clinician education, 
decision-support tools, guideline development, and health 
system enablers, such as optimized reimbursement and 
adaptable dialysis scheduling, are needed. Conference at-
tendees recognized that decremental dialysis—planned re-
ductions in dose or frequency—may also provide clinical and 
environmental benefits in settings such as kidney function 
recovery or palliative care and should be considered when 
aligned with clinical situations and patient goals. It was 
emphasized that personalized alterations in dialysis fre-
quency or duration must be distinguished from low-dose 
regimens driven by resource constraints, as the former rep-
resents a deliberate patient-centered choice, not a compro-
mise in care.

Diet. Unprocessed, predominantly plant-based diets— 
characterized by high intake of fruits, vegetables, legumes, 
whole grains, seeds, and nuts, with animal-derived foods 
consumed sparingly or not at all—deliver substantial envi-
ronmental benefits. 28–32 Cohort studies and small random-
ized controlled trials also demonstrate that such diets can 
reduce proteinuria, lessen metabolic acidosis, slow chronic 
kidney disease progression, delay kidney failure, and lower 
mortality risk. 33 Consistent with this evidence, the KDIGO 
2024 Clinical Practice Guideline for the Evaluation and

Management of Chronic Kidney Disease recommends 
healthy, varied dietary patterns that prioritize plant-based 
over animal-based foods and minimize ultra-processed 
products. 33

Extending these principles to incremental dialysis, evi-
dence suggests that combining a low-protein diet with once-
or twice-weekly hemodialysis can maintain nutritional status 
and well-being as effectively as thrice-weekly dialysis while 
preserving residual kidney function, reducing hospitaliza-
tions, lowering medication use, and possibly improving 
survival. 34–43 However, the safe implementation of such diets 
requires multidisciplinary input and careful oversight to 
ensure cultural appropriateness, acceptability, and nutri-
tional adequacy.

Dialysate flow rate. Dialysate flow rate (Qd) is the pri-
mary driver of water and concentrate use during hemodial-
ysis and contributes modestly to energy consumption. 44 

Practice varies regionally: although 500 ml/min is common, 
many centers routinely prescribe higher Qd values of 700– 
800 ml/min. At a Qd of 500 ml/min, approximately 120 l of 
dialysate is used over a 4-hour treatment; increasing Qd to 
800 ml/min results in an additional 72 l of dialysate per 
session, with a corresponding increase in source water de-
mand, the magnitude of which depends on reverse osmosis 
plant efficiency.
However, evidence suggests limited clinical benefit from 

higher flow rates with modern dialyzers. Short-term studies 
comparing Qd 700, 500, and 400 ml/min show minimal
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Figure 2 | Life cycle thinking applied to dialysis. The figure illustrates a conceptual framework for considering the environmental, social, 
and economic consequences of a product, service, or system throughout its entire life cycle, from product design and raw material extraction 
to disposal or recycling.
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differences in dialysis dose (Kt/V), blood pressure, inter-
dialytic weight gain, or biochemical parameters, 45–49 

although some studies of Qd 400 ml/min enrolled only 
lower-weight patients. Similarly, increasing the dialysate-to-
blood flow ratio above 1.5:1 yields no additional benefit 
in small solute clearance. 45,48 Long-term data are limited, 
but a 2-year study of patients weighing less than 70 kg re-
ported equivalent adequacy and survival with Qd 400 and 
500 ml/min. 50

Accordingly, attendees suggested Qd 500 ml/min as a 
pragmatic upper limit for routine care, with lower Qd 
considered on an individual basis according to factors such

as blood flow rate (Qb), body size, and metabolic needs, 
provided dialysis adequacy and patient outcomes are closely 
monitored. They also emphasized the need for long-term 
studies of lower or proportional flow rates to define the 
optimal lower limit, with assessment across clinical end 
points and biochemical parameters, including middle mole-
cule clearance.

Hemodiafiltration. Postdilution hemodiafiltration (HDF) 
is the most widely used HDF modality, except in Asia, where 
predilution HDF, usually with lower Qb and Qd, is stan-
dard. 51 Postdilution HDF typically uses a Qd of 500–800 ml/ 
min and infuses sterile substitution fluid to drive convection,

Box 1 | Key terms

Term a Definition

Health care sustainability Capacity of a health system to deliver care over time, with consideration for future generations.

Life cycle thinking A conceptual (qualitative) framework for considering the environmental, social, and economic 
consequences of a product, service, or system throughout its entire life cycle, from raw material 
extraction to disposal or recycling.

Waste hierarchy A framework that prioritizes different waste management options based on their environmental 
impact. It typically includes 5 stages (ranked from most to least preferable): prevention, reuse, 
recycling, recovery, and disposal.

Reverse osmosis water recovery 
ratio

The proportion of the influent water in the system that is converted into product water or permeate; 
calculated as follows: [(input flow rate – wastewater flow rate)/input flow rate] × 100.

A o value A measure of the effectiveness or lethality of a thermal disinfection process, expressing the combined
impact of time and temperature to quantify microbial kill rate.

Passive house standards Standard for energy efficiency in buildings that leads to reduced heating and cooling needs. The 
standard has 5 core principles: continuous insulation, minimized thermal bridging, airtight 
construction, high-performance windows and doors, and a heat recovery ventilation system.

Climate resilience The ability of a health system or service to anticipate, prepare for, respond to, and recover from 
climate-related stressors and shocks while maintaining essential functions.

Technology readiness level (TRL) A scale for assessing the maturity of technologies in research, development, and innovation. It ranges 
from TRL 1, where basic principles are first observed and reported, to TRL 9, where the system is 
proven and operational in a real-world environment.

Life cycle assessment A systematic methodology to quantify the environmental, social, or economic impacts of a product or 
service throughout its entire life cycle. Environmental life cycle assessments commonly evaluate 
impact categories such as global warming potential (carbon footprint), acidification, and 
eutrophication.

Bioplastics Plastics that are made from renewable resources (bio-based), are biodegradable, are made through 
biological processes, or a combination of these.

Bio-based Made wholly or in part from renewable biological resources, such as cornstarch or sugarcane. Bio-
based materials may not necessarily be biodegradable.

Biodegradable Capable of being broken down naturally by the actions of living things, such as microorganisms, and 
reabsorbed by the natural environment within a defined time frame (e.g., the European Union 
requires that 90% of the original material can be degraded within 6 months); typically requires 
specific environmental conditions.

Produced via biological 
processes

Manufactured using living organisms or their enzymes, such as microbial fermentation, plant or 
animal cell culture, or enzymatic conversion, rather than through chemical synthesis.

International Organization for 
Standardization

International body that writes widely used technical standards for conducting life cycle assessments.

Product category rules Rules and guidelines for calculating and reporting environmental data related to a product’s life 
cycle. These rules ensure consistency and comparability when assessing the environmental impact 
of products within the same category and can be used to increase the rigor and consistency of life 
cycle assessments.

Servitization A shift from product sales to service-based models in which suppliers retain responsibility for 
maintenance and end-of-life management, encouraging efficiency, durability, and reuse.

Reverse logistics Planned process of moving products, components, and materials from the point of use back 
upstream in the supply chain to recover value (reuse, repair, refurbish, remanufacture, or recycle) or 
ensure compliant disposal.

a Listed in order of appearance in the article.
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typically targeted at approximately 25 l per session. This 
increases total water use by 30–75 l per session (depending 
on reverse osmosis plant efficiency), along with acid, bicar-
bonate, and energy demand. However, some HDF machines 
have the option of dynamically adjusting dialysate and sub-
stitution flow rates to Qb and real-time blood indices (e.g., 
hematocrit). In a short-term crossover trial (N = 54), 52 HDF 
targeting a Qd/Qb ratio of 1.2 increased Kt/V by 3.5% while 
reducing dialysate use by 8% compared with hemodialysis at 
a fixed Qd of 500 ml/min. A recent simulation study 53 

showed that HDF achieved superior urea and β 2 -micro-
globulin clearance than did HD at the same dialysis fluid 
consumption. When Qd/Qb was optimized to deliver an 
equivalent Kt/V to hemodialysis—reduced to 1.2 for HDF 
while keeping a high blood flow, versus 1.4 for HD, both 
targeting Kt/V 1.65—total fluid consumption fell by 21%. 
Real-world data from 26,031 treatments support this: pa-
tients treated with high-volume postdilution HDF at a Qd/ 
Qb ratio of 1.2 (mean delivered Qd 430 ml/min) achieved an 
average Kt/V of 1.7. 53

Although these findings suggest that optimized post-
dilution HDF may be more resource-efficient than conven-
tional hemodialysis, not all HDF machines allow automated 
flow coupling. Where unavailable, Qd must be manually set, 
an approach that has not been formally evaluated. HDF 
additionally requires a substitution line and, in some cases, a 
dialysate-sterilizing filter, but avoids the need for rinsing 
solutions packaged in plastic. The environmental impact of 
these differing consumables remains unquantified.

Dialysis equipment and operational settings. Reverse
osmosis plant performance is the main determinant of water 
and energy consumption in hemodialysis. 44 Modern systems 
are markedly more efficient than older models 44 because of 
features such as demand-driven permeate production, 
variable-speed pumps, automated switch-on and standby 
modes, recirculation of unused permeate, adjustable reject 
water recovery ratios, and heat disinfection that targets a 
microbicidal A 0 value (see Box 1) rather than heating for a fixed 
time at a set temperature. There was consensus that procure-
ment decisions should prioritize systems offering maximal 
water and energy savings, with selection criteria reflecting both 
environmental benefits and associated cost savings. Differences 
in water, energy, and consumable use among dialysis machines 
should likewise inform procurement choices.
Reverse osmosis plant operating hours should be adjusted 

to ensure that the system runs only when permeate is 
required, and disinfection schedules for the reverse osmosis 
membrane, loop, and dialysis machines should align with 
manufacturer guidance to avoid unnecessary cycles. At the 
same time, participants noted that the evidence underpin-
ning current disinfection practices is limited and likely overly 
conservative, potentially leading to avoidable water, energy, 
and disinfectant use.
In reverse osmosis systems with adjustable water recovery 

settings, the recovery ratio may be incrementally increased 
when the conductivity of the blended feed (mains water plus

any recirculated reject at the existing recovery ratio) provides 
sufficient margin. Each adjustment should be accompanied 
by close monitoring of key indicators, including feed con-
ductivity as a proxy for scaling risk, permeate conductivity to 
ensure that ionic quality remains within specifications, and 
fouling metrics such as differential pressure and normalized 
permeate flow.

Reverse osmosis reject water recycling. Between 20% and
80% of feed water may be rejected by reverse osmosis sys-
tems, depending on the specific reverse osmosis unit and 
quality of feed water. 54,55 Conference attendees agreed that 
reuse of reverse osmosis reject water should be universally 
considered. Feasibility assessments should evaluate the vol-
ume and chemical composition of reject water, and therefore 
its suitability for various reuse applications, along with local 
reuse opportunities, policies, and costs. 55,56 Economic eval-
uations suggest short payback periods, 55 although these are 
expected to vary with factors such as center size, ease of 
installing new infrastructure into existing buildings, prox-
imity to the reuse site, and water costs.

Central delivery of acid concentrate. Acid concentrate for
hemodialysis is most commonly supplied in single-use plastic 
bags or canisters, generating substantial plastic and residual 
fluid waste and carbon emissions from container manufac-
ture, transport, and disposal. An alternative is centralized 
delivery via a bulk storage tank and distribution loop, with 
concentrate supplied as premixed liquid (delivered by a 
tanker or in transportable containers) or as semidry/dry 
powder for on-site reconstitution. Compared with point-of-
use delivery systems, centralized systems reduce waste, car-
bon emissions, storage requirements, manual labor, and 
operational costs. 57–61 Dry powder formats offer the greatest 
carbon savings and can be integrated with automated mixing 
units. 62 Conference attendees agreed that all dialysis facilities 
should consider the possibility of transitioning to centralized 
delivery, particularly larger units, where payback periods are 
shorter, and new builds, where infrastructure can be inte-
grated from the outset. As bulk acid for central delivery is not 
yet available in all regions, engaging industry to address 
access gaps was considered a priority.

Consumables. Across dialysis modalities, consumables 
such as hemodialyzers, blood tubing, arteriovenous access 
needles, PD fluids, effluent drainage bags, infusion lines, 
gloves, and cleaning and disinfection products, are the main 
sources of carbon emissions and waste. 63 Although clinical 
appropriateness must guide use, reducing consumption is a 
priority and can be achieved through optimized procure-
ment, clinical practices, and education. During procurement, 
preference should be given to equipment and consumables 
that minimize materials, including packaging, without 
compromising effectiveness. Concurrently, dialysis teams 
should audit consumable use to identify safe opportunities
for reduction (Table 1). 5,8–10,44–46,49,52–54,57,58,61,63–75

Although individual changes may yield small benefits, their 
implementation cost is negligible and their cumulative effect 
is substantial.
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Table 1 | Opportunities to enhance the sustainability of dialysis

Theme Intervention Environmental benefit(s)

Prescriptions Individualized initiation of dialysis Reduces consumable use, water, waste, and CO 2 e:
• Prolonging time to HD initiation by 1 mo can conserve up to 
6000 l of water. 54

Incremental dialysis Reduces consumable use, water, CO 2 e, and waste:
• Omitting an icodextrin exchange may lower CO 2 e by up to 
26% for CAPD and 15% for APD. 5

• Reducing HD frequency has a greater impact on CO 2 e than 
shortening treatment duration owing to reduced consum-
able use 63 and associated transportation.

Lower Qd or AutoFlow Reduces water, concentrate use, and energy:
• Treatment with Qd 500 ml/min used 24 l more dialysate per 
4-hr treatment than that with Qd 400 ml/min, whereas Qd 
700 ml/min used an additional 48 l. 45,64

• AutoFlow (Fresenius Medical Care) implementations report 
9%–23% reductions in dialysate, acid concentrate, and bi-
carbonate use 46,49,65 in the setting of a well-functioning 
vascular access.

Use of HDF May save water and dialysate compared with HD:
• Targeting a Qd/Qb ratio of 1.2 may reduce dialysate use by 
8% compared with HD at Qd 500 ml/min while increasing Kt/ 
V by 3.5%. 52

• Optimizing Qd/Qb to deliver an equivalent Kt/V to HD may 
reduce total fluid consumption by 21%. 53

HDF also requires a substitution line and an additional dialysate-
sterilizing filter, but avoids the need for plastic-packaged 
rinsing solutions; environmental impact unknown.

Procurement Prioritization of RO systems that use the lowest 
amounts of water and energy

Reduces water, energy, and CO 2 e:
• Installation of a new water treatment system reduced water 
use by 50%. 8

• Per-treatment RO water and power consumption were 357 l 
and 3.1 kWh, respectively, with a modern RO system 
compared with 548 l and 7.2 kWh with an older RO system. 44

Prioritization of HD machines with online fluid 
production to replace saline bags

Reduces fluid and packaging waste and CO 2 e:
• Use of online fluid for priming, blood return, and fluid bo-
luses in a 15-chair unit, combined with correct bicarbonate 
bag disposal, saved 21.5 tons of waste and approximately 
26.8 tonnes CO 2 e/yr. 

64

Prioritization of HD machines that use longer-life 
endotoxin filters and that require lower volumes of 
citric acid per disinfection and/or accept bulk citric 
acid (vs. single-use cartridges)

Reduces filter use, packaging waste, citric acid, and/or CO 2 e.

Selection of acid and bicarbonate concentrate package 
sizes that match the amount required for patient 
treatments

Reduces product and packaging waste and CO 2 e:
• A switch from 4.5- to 3.5-l acid concentrate bags, which was 
suitable for 92% of patient treatments, avoided waste of 
14,350 l of acid concentrate annually. 66

Prioritization of PD suppliers that provide lean 
packaging, recyclable fluid bags and packaging, and/ 
or take-back recycling

Reduces waste and CO 2 e:
• PVC recycling may reduce CO 2 e by up to 14% for APD and 
30% for CAPD. 5

Prioritization of PD suppliers whose fluid bags have a 
lower environmental footprint during both 
production and disposal

Reduces environmental impact:
• Some PD fluid bags are made from polyolefins, which are 
PVC- and phthalate-free. 67,68

Limited recycling options; net environmental benefit unclear.

Prioritization of PD suppliers whose fluid bag sizes 
match typical local prescribed volumes

Reduces waste and CO 2 e:
• Matching icodextrin bag size to prescription may reduce PVC 
waste by 35%. 69

Operations Optimized RO settings Reduces water, energy, and CO 2 e.

Optimized segregation (i.e., hazardous vs. landfill) and 
recycling of waste

Reduces waste and CO 2 e related to disposal and new material 
manufacture:
• Emptying residual fluids from receptacles and directing all 
HD waste to the right stream reduced hazardous waste by up 
to 7 kg per HD treatment. 70

(Continued on following page)
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Table 1 | (Continued) Opportunities to enhance the sustainability of dialysis

Theme Intervention Environmental benefit(s)

Avoidance of redundant disinfection of HD machines Reduces water, energy, CO 2 e, citric acid, and related packaging 
waste:
• For ICHD, rescheduling automated citric acid heat disinfec-
tion to the morning dialysis shift ensured only machines 
unused in the previous 24 hours underwent scheduled 
disinfection, preventing duplicate cycles for machines 
already disinfected after treatment while maintaining 
required disinfection intervals. This reduced disinfections by 
25%, saving approximately 160,000 l of water, 6.4 MWh of 
energy, and 720 l of citric acid annually. 71

• For home HD, switching to pretreatment disinfection only 
after $1 day of nonuse while retaining posttreatment disin-
fection reduced annual cycles by 33%, saving approximately 
2100 l of water, 70 kWh of energy, and 20 l of citric acid. 71

Consumables Use of a microcritical aseptic field and nontouch 
technique with nonsterile gloves for AV and catheter 
access a

Reduces waste and CO 2 e:
• In a dialysis service center caring for approximately 40 pa-
tients dependent on catheters, switching from large aseptic 
fields and sterile gloves to microcritical aseptic fields and 
standard gloves prevented 96,000 single-use plastic items 
going to landfill annually. 72

Disposal of APD peritoneal effluent directly to a nearby 
plumbing fixture (e.g., bathtub/sink/shower) or via a 
fixed drainage system b

Reduces waste and CO 2 e:
• Use of a U-Drain system saved 0.8 kg of nonrecyclable clinical 
waste per patient per treatment day 73 and 791 kg of CO 2 e 
per patient annually. 73

Avoidance of glove use for PD connections/ 
disconnections c

Reduces waste and CO 2 e.

Use of a reusable effluent reservoir in PD instead of a 
single-use drainage bag

Reduces waste and CO 2 e:
• Saved 148.6 kg of plastic waste and 151 kg of CO 2 e emissions 
per patient annually. 5

Cotton-gauze use limited to the minimum clinically 
required d

Reduces waste and CO 2 e:
• Cotton gauze identified as a major contributor to variation in 
the carbon footprint of PD between centers in the European 
Union.

Prioritization of long-acting ESAs Reduces syringe and packaging waste and CO 2 e.

Use of multidose anticoagulant vials rather than single-
dose syringes (regulations permitting)

Reduces syringe and packaging waste and CO 2 e.

Infrastructure RO reject water recycling Reduces water:
• One UK service described saving approximately 4,492,000 l 
annually. 10

• RO reject water successfully used for hydroponics and 
aquaponics, producing approximately 150–350 kg of fish 
every 6 months and approximately 4–8 kg of vegetables per 
month. 9

Central delivery of acid concentrate Reduces acid concentrate, waste, and CO 2 e:
• In a 30-station unit, bulk acid supply by a tanker and central 
delivery could reduce concentrate use by 33%, plastic waste 
by 6773 kg/yr, and CO 2 e by approximately 1 ton/station/yr. 

57

• Compared with transport-related CO 2 e from individual 
concentrate delivery, transport-related CO 2 e from semidry 
concentrate delivery was 63% lower and dry powder 75% 
lower. 58

• Storage tanks and central acid delivery produced 62% and 
38% less CO 2 e than did 3.9-l canisters and 4.2-l bags, 
respectively (P < 0.001). 61

On-site waste treatment to convert hazardous waste 
into general waste

Reduces carbon and toxic pollutant emissions:
• Modeling suggests that on-site autoclaving may reduce CO 2 e 
from hazardous HD waste disposal by approximately 85% 
compared with incineration (K. A. Barraclough, written 
communication, February 2026).

APD, automated peritoneal dialysis; AV, arteriovenous; CAPD, continuous ambulatory peritoneal dialysis; CO 2 e, carbon dioxide equivalent emissions; ESA, erythropoiesis-
stimulating agent; HD, hemodialysis; HDF, hemodiafiltration; ICHD, in-center hemodialysis; Kt/V, dialysis dose; PD, peritoneal dialysis; PVC, polyvinyl chloride; Qb, blood 
flow rate; Qd, dialysate flow rate; RO, reverse osmosis.
a International guidelines recommend a clean aseptic technique rather than maximal sterile precautions. 74
b When disposing of effluent directly to a plumbing fixture, careful fixation is essential to prevent contact of the drain tip.
c Aseptic technique and hand hygiene are the essential components for minimizing infection risk 75 ; gloves may provide a false sense of security.
d Usually 1 pad for the exit-site dressing and 1 as a sterile surface rest.
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Dialyzer reuse. Dialyzer reuse reduces solid hazardous 
waste. However, this environmental benefit must be weighed 
against the resource demands of reprocessing, including 
water, energy, and chemical disinfectants, which carry their 
own environmental and occupational risks. 76 Evidence on 
safety is mostly derived from older studies, and results are 
mixed: a 2012 systematic review found no mortality differ-
ence, but the studies were mostly retrospective, used 
outdated membranes, and were methodologically heteroge-
neous, limiting relevance to current practice. 77 Some data 
suggest increased infection and hospitalization rates and 
reduced dialyzer performance with repeated use. 76 

Conference attendees from low- and middle-income 
countries underlined the value of dialyzer reuse for cost 
containment and expanding access to treatment. In contrast, 
high-income country attendees questioned its reintro-
duction, given uncertain environmental gains, potential 
risks, and the operational complexity and cost of reprocess-
ing. Nonetheless, there was broad agreement that new 
automated systems using environmentally safe cleaning 
technologies hold promise and may renew interest in reuse 
(e.g., ClearFlux 78 ). Overall, attendees agreed that dialyzer 
reuse may be a pragmatic strategy for improving treatment 
access in resource-limited settings, but its wider adoption 
warrants further investigation. Notably, reuse is currently 
prohibited in several jurisdictions, including Japan, 
Australia, 79 and many European Union member states, 80 

meaning that reintroduction would require regulatory 
reform.

Waste management. Recycling nonhazardous waste re-
duces environmental impacts relative to landfilling, whereas 
the disposal of hazardous waste incurs markedly higher 
environmental and economic costs than both recycling and 
landfilling. 5,81 Misclassification of waste therefore has sig-
nificant consequences. 70 Effective waste segregation at the 
point of use, rather than defaulting to hazardous waste 
disposal, represents an immediately available, no-cost inter-
vention. 70 Similarly, compactors or shredders can reduce 
waste volume requiring transport and facilitate recycling of 
plastics and cardboard, contributing to carbon and cost 
savings. 82,83

There was consensus that on-site hazardous waste ster-
ilization systems, using technologies such as steam auto-
claving, microwaves, or chemical disinfection, have 
potential to reduce the environmental burden of dialysis 
waste. By enabling reclassification of treated material as 
general waste, on-site waste sterilization eliminates the need 
for high-emission off-site incineration, reduces disposal 
costs, and creates potential for recycling. However, haz-
ardous waste management is currently tightly regulated in 
many countries. This may restrict or preclude the realiza-
tion of these benefits.
Patient conference participants underscored the personal 

burden of waste management in the home, highlighting not 
only the logistical issues associated with large amounts of 
waste but also the stigma. Well-designed recycling programs,

such as those for polyvinyl chloride (PVC) PD bags in 
Mexico, 84 Australia, 85 Colombia, and Guatemala, can reduce 
this burden. These programs may be particularly effective 
when manufacturers assume responsibility for the end-of-life 
management of products. In Australia, for example, an 
industry-supported recycling service collects PVC fluid bags, 
high-density polyethylene outer packaging, and cardboard 
cartons from patients undergoing PD in metropolitan 
areas. 85

Obsolete dialysis machines represent another form of 
dialysis-related waste. With approximately 1 million hemo-
dialysis machines in use worldwide and an average lifespan 
of 10 years, an estimated 100,000 machines are discarded 
annually. Waste from electric and electronic equipment is 
particularly toxic, 86 and reuse is largely limited to metal 
components. Reducing the environmental impact of hemo-
dialysis machines and other large medical devices will require 
redesign to incorporate more reusable and recyclable mate-
rials and to extend device longevity, alongside evidence-
based updates to obsolescence policies. 87

Building design. Building design is central to environ-
mental performance and climate resilience. Structures con-
structed to Passive House standards can reduce heating and 
cooling demand—and thus overall energy use and opera-
tional carbon emissions—by up to 80% compared with 
buildings meeting conventional codes. 88–90 In dialysis set-
tings, good design also enables integration of dialysis-specific 
sustainability features, such as centralized acid delivery and 
reverse osmosis reject water reuse. Success depends on early 
collaboration among architects, engineers, sustainability 
consultants, builders, and clinical teams.
Retrofitting existing units can also deliver substantial 

environmental benefits and is often preferable to demolish-
ing or abandoning functional infrastructure; however, it is 
typically more costly than embedding sustainability features 
upfront. 91 Figure 3 outlines elements of an environmentally 
sustainable dialysis unit.

Optimizing and developing green dialysis innovations
To conceptualize the maturity of technologies related to 
green dialysis, Figure 4 92 outlines technology readiness 
levels 93 and the approximate levels of select green dialysis 
innovations.

Reducing redundancy in consumables. Shortening hemo-
dialysis bloodlines would reduce plastic waste, lower carbon 
and toxic emissions from plastic manufacturing and disposal, 
decrease priming saline use, reduce heparin requirements, 94 

and lessen heat loss. However, bloodlines must retain a 
minimum length (approximately 1.7 m) to prevent emboli-
zation after air detection and electroclamp activation, 
accommodate various vascular access sites, and maintain 
needle stability. Clinical trials are needed to evaluate the 
feasibility and safety of shorter designs. Future developments 
may include optimizing flow dynamics via computational 
modeling and incorporating hemocompatible coatings to 
reduce thrombogenicity and inflammation, improve
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hemodynamics, and limit phthalate leaching from PVC into 
the bloodstream. 95

Conference attendees identified redesign priorities for 
PD consumables, including automated PD cassettes and 
tubing kits, owing to material redundancy and their con-
tributions to the higher carbon footprint of automated PD 
relative to continuous ambulatory PD. 5 Suggestions for 
reducing plastics included shortening cassette lines, of-
fering cassette variants with fewer lines, and aligning bag 
sizes with common clinical prescriptions. Although drain 
line reuse in automated PD is discouraged owing to con-
cerns about peritonitis, 96–98 attendees proposed design 
modifications—such as incorporating 1-way valves to 
prevent backflow and reprocessing drain lines—to mitigate 
risk. These suggestions warrant formal evaluation. In 
continuous ambulatory PD, attendees proposed evaluating 
whether the emptied inflow solution bag could be repur-
posed as a drainage bag for the subsequent exchange by 
retaining the Y connector and connecting a new modular 
inflow bag.

Waste management innovations. Conference attendees
highlighted the need to reduce waste from packaging and 
equipment. Identified opportunities included adopting

reusable packaging systems (e.g., washable totes), redesigning 
cardboard packaging for easier folding and recyclability, and 
reconceptualizing PD bag sets by limiting individual tube 
wrapping and/or by integrating the outer plastic wrap as an 
inner lining of the solution box or tote to enclose multiple 
sets in a single polyethylene barrier. Attendees also recom-
mended considering how PD components that do not con-
tact body fluids and therefore pose minimal risk of infectious 
contamination (e.g., packaging, infill bags, and associated 
tubing) could be safely reprocessed and reused.
Where reuse is not feasible, recycling components not in 

touch with body fluids should be the default. Furthermore, 
the panel suggested that with appropriate baseline infection 
screening and standardized disinfection procedures, there 
may be potential for the safe recycling of components of PD 
drainage systems—particularly PVC tubing and bags— 
pending further investigation. To enhance recyclability, PD 
and hemodialysis consumables could be redesigned as 
modular components to allow easy separation and minimize 
material mixing, and labeling should use degradable adhe-
sives and recycling-compatible inks.

Forward osmosis. Although newer reverse osmosis units 
and optimized operational settings reduce water use in
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Figure 3 | Features of good building design for hemodialysis clinics. The figure shows aspects of green building design that should be 
considered when designing and building a hemodialysis clinic.
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hemodialysis, achieving more substantial savings will require 
alternative water purification technologies. Forward osmosis 
uses an osmotic gradient to draw water across a semi-
permeable membrane, leaving behind salts, microbes, and 
endotoxins. 99 Unlike high-pressure reverse osmosis, forward 
osmosis operates at low pressure and energy, reducing 
electricity consumption and reject water production. It is 
also less prone to membrane fouling, potentially lowering 
maintenance requirements and extending membrane 
lifespan. 99,100

Potential forward osmosis applications in hemodialysis 
include (i) recovering water from spent dialysate to partially 
dilute bicarbonate concentrate before blending with a 
smaller volume of reverse osmosis permeate to produce 
fresh dialysate 101,102 and (ii) drawing water directly from 
municipal supply for dialysate preparation. Although work 
is needed to optimize urea rejection, confirm microbiolog-
ical safety, and ensure compatibility with routine disinfec-
tion, current evidence supports forward osmosis as a 
practical adjunct to reverse osmosis today (application i) 
and a promising candidate for future replacement (appli-
cation ii). As forward osmosis has not yet been deployed in 
clinical hemodialysis, the cost implications remain uncer-
tain. Forward osmosis membranes are likely to be more 
expensive than conventional reverse osmosis membranes 
because of lower manufacturing scale and greater mem-
brane complexity. However, these higher upfront costs may 
be at least partially offset by reduced energy requirements 
and water consumption, and potentially by simpler pump-
ing requirements and longer membrane lifespans, although 
these advantages remain to be demonstrated in clinical 
practice.

Advances in biomimetic membranes, such as the incor-
poration of aquaporin proteins into synthetic and ceramic 
substrates, which enables high water flux, low salt leakage, 
and robust performance after drying and rehydration, 103 may 
further support forward osmosis uptake.

Reusing dialysis effluent. Spent hemodialysis effluent is a 
saline, highly conductive fluid, rich in uremic solutes and 
containing diverse micropollutants, including pharmaceuti-
cals, per- and polyfluoroalkyl substances, and antibiotic 
resistance genes. 104–107 Typically discharged as wastewater, it 
represents a source of potentially recoverable resources. 
Membrane treatment technologies, such as reverse osmosis 
and nanofiltration, can yield high-quality water by removing 
salts and a broad range of contaminants; however, they are 
energy-intensive, and the microbiological safety of the final 
product must still be verified. Electrochemical methods offer 
a lower-energy alternative for removing organic matter and 
pollutants including pharmaceuticals, 108–110 but these are less 
effective for desalination and nitrogen removal and produce 
only irrigation-grade water. They may also serve as a pre-
treatment step to reduce membrane fouling and enhance 
system efficiency. 108,111 Beyond water, high concentrations of 
phosphorus and ammonium nitrogen in spent dialysate can 
be recovered as struvite, a valuable slow-release fertilizer. 112 

A cost model for a 20-station dialysis unit estimated struvite 
production at approximately 2.4 kg/d, enough to fertilize 
approximately 5 ha annually, while avoiding synthetic fer-
tilizer use. 112

Thermal energy is another resource. Globally, the 
discharge of dialysate at body temperature from dialysis units 
into sewerage systems wastes an estimated 1700 GWh/yr of 
recoverable heat. 112,113 In Europe, this energy potential is
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Figure 4 | Technology readiness level (TRL) of select green dialysis innovations. The TRL scale is used to assess the maturity of 
technologies in research, development, and innovation. This figure is a graphical summary; a more detailed description can be found in Table
1 of Wieringa et al., 2024. 92 HD, hemodialysis; PD, peritoneal dialysis.
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equivalent to the annual heating demand of roughly 140,000 
households, based on an average consumption of 12,000 
kWh per household. Some of this energy can be reclaimed 
using heat exchangers and repurposed for applications such 
as on-site space or water heating. 55,112,113 The electrical 
conductivity of spent dialysate has also been explored in 
microbial fuel cells, which use bacteria to break down 
organic matter and generate small amounts of electricity. 114 

However, innovation will be needed to achieve significant 
energy gains.

Sorbent systems. Sorbent dialysis regenerates and recir-
culates spent effluent in a closed-loop system, reducing water 
use by 95%–99% in hemodialysis and approximately 75%– 
85% in PD prototypes. 115,116 In hemodialysis, sorbent sys-
tems also lower power consumption and eliminate the need 
for water treatment infrastructure, whereas in PD, they 
reduce reliance on emissions-intensive fluid and consumable 
transport and likely markedly reduce solid waste genera-
tion. 115 Dialysis sorbent technologies have attracted attention 
because of their potential to enable portable and wearable 
treatments, with systems under development for both he-
modialysis and PD. 117–121 However, key challenges remain, 
including limited urea-binding capacity, suboptimal selec-
tivity for protein-bound and middle-molecule toxins, sorbent 
regeneration capability, concerns around material stability 
and biocompatibility, and the need for effective gas and 
pressure management in compact cartridge designs. 122–128 

Environmentally, the impacts of raw material extraction, 
large-scale sorbent production, and spent cartridge disposal 
remain poorly understood. Accordingly, although partici-
pants agreed that sorbent technologies offer environmental 
promise, rigorous life cycle assessments during research and 
development are essential to avoid unintentional introduc-
tion of new environmental burdens.

Point-of-care PD fluid production. As transport and stor-
age of prepackaged fluids contributes substantially to the 
carbon footprint and logistical burden of PD, 5 point-of-care 
dialysate production offers an attractive alternative. Early 
prototypes have demonstrated acceptable chemical and 
microbiological performance in short-term studies. 129,130 

Conference attendees agreed on the potential of such tech-
nologies to reduce environmental, economic, and practical 
impacts but highlighted the need for longer-term validation 
of dialysate quality, including testing across settings with 
variable source water quality. Priorities for development 
include design improvements to reduce equipment size and 
medicalization of the home, patient usability and accept-
ability assessments, life cycle environmental comparisons 
with current systems, and policies to protect patients from 
higher utility costs.

Bioplastics. Plastic production is almost entirely depen-
dent on fossil feedstocks, primarily petroleum products and 
natural gas. 131 In dialysis, PVC is widely used in tubing and 
fluid bags, but it raises environmental and health concerns 
due to the use of plasticizers such as di(2-ethylhexyl) 
phthalate and release of toxic emissions during incineration. 4

Some PD products now use polyolefins, which are PVC- and 
phthalate-free and certified by Nordic Swan Ecolabel. 67,68 

However, most polyolefins are still fossil-derived, and recy-
cling pathways remain limited.
Bioplastics—plastics that are bio-based, biodegradable, or 

produced through biological processes—have been proposed as 
a more sustainable alternative. 132 Emerging applications, such 
as bioplastic hemodialysis bloodlines and membranes, 133,134 

show promise; however, bioplastics may not be inherently 
environmentally preferable to fossil-based alternatives. 
Although the use of renewable feedstocks can lower carbon 
emissions, large-scale substitution would increase land and 
water use, with implications for biodiversity and competition 
with food production. 131,132 Bio-based polymers derived from 
nonedible crops such as castor seed oil 135 —which can be 
cultivated on marginal or degraded land—may reduce land-use 
pressures; however, any environmental advantages are likely to 
be context-dependent and require full life cycle evaluation. 
Recycling infrastructure for all plastics, including bioplastics, 
remains underdeveloped, and biodegradability typically re-
quires controlled industrial composting. 131 Regulatory changes 
would be necessary to allow hazardous bioplastics to be treated 
via composting or similar pathways. Additional challenges 
include heat sensitivity during sterilization, 136 mechanical 
brittleness, 137 and high production costs. 138

Given these factors, attendees agreed that although bio-
plastics may hold potential, caution is warranted. Life cycle 
assessments are needed to clarify environmental trade-offs, 
alongside regulatory reform and investment in waste man-
agement infrastructure. In the interim, creating replacement 
materials with equivalent performance specifications and 
lower environmental impact may be most rapidly achieved by 
incorporating certified recycled polymer resins into medical-
grade manufacturing, thereby reducing reliance on virgin 
fossil-based feedstocks. Recycling pathways for current plastics 
should also be optimized.

Transport considerations. Conference attendees suggested 
that remote patient monitoring 139 may reduce emissions by 
limiting the need for in-person visits and enabling earlier 
interventions to prevent hospitalizations. However, further 
research is needed to clarify its clinical value and to quantify 
the energy demands of data analytics and cloud storage to 
determine its net environmental impact.
Given regional variability in infrastructure and logistics, 

there was consensus that context-specific life cycle as-
sessments are needed to optimize product transport and 
distribution. These must balance resilience, feasibility, 
patient acceptance, cost, and environmental impact. For 
example, larger but less frequent shipments to local hubs 
using low-emission freight may reduce transport emis-
sions and boost resilience but increase storage-related 
energy use and costs. Less frequent home deliveries may 
also lower emissions but may be impractical owing to 
limited household storage.
Concerns were raised about increasing centralization of 

dialysis fluid and consumable production, with agreement on
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the importance of regional or local manufacturing for 
enhancing resilience. However, this may come at higher cost, 
or reduced environmental efficiency in some contexts, because 
of lost economies of scale. In rural or remote areas, regional 
cross-supply agreements could bolster resilience in the face of 
extreme weather or other supply chain disruptions. Public-
private partnerships, such as Project Last Mile (www.

projectlastmile.com), may offer more efficient and flexible 
delivery models by leveraging existing logistics networks.

Health system, policy, and regulatory perspectives
Choice of dialysis modality. There is some evidence sug-

gesting that home-based therapies (PD and home hemodi-
alysis) have lower carbon footprints than does in-center

Table 2 | Potential unit- and system-level metrics for monitoring the environmental impact of dialysis

Level Metric Measurement/method

Unit (dialysis center/home)

Water use per treatment (l per treatment) Metered incoming (feed) water/number of treatments

RO plant efficiency (recovery rate) [(Input flow rate – wastewater flow rate)/input flow rate] × 100; also report 
reject volume per treatment

Electricity use per treatment (kWh per treatment) Submeter dialysis equipment (RO plant and HD machines); allocate by 
treatment count

Waste per treatment (kg by type) Weigh segregated streams (plastic, sharps, and dialysate)

Recycling rate (%) (Weight of recyclables collected/total recyclable material generated) × 100

Sustainable consumables (%) (Sustainable items/total items) × 100; criteria: reusable, recyclable, items with 
recognized ecolabels, etc

Carbon emissions per treatment (kg of CO 2 e) 
a Sum emissions from consumables, energy, waste, and transport using 

standard factors divided by number of treatments

System (health service/region)

Annual water use per patient-year Aggregate meters divided by total number of patient-years

Annual electricity use per patient-year Aggregate submeters; normalize by patient-years

Total dialysis waste by type (ton/yr) Sum of unit data

Recycling rate (%) Aggregate of unit data

Modality mix (% by modality) Registry/audit

Tonnes CO 2 e/per patient-year Sum of unit data

Cost savings from sustainability (local currency per year) Baseline cost – current cost (energy, water, waste, and transport)

CO 2 e, carbon dioxide equivalent emissions; HD, hemodialysis; RO, reverse osmosis.
a Input from a life cycle assessment expert is recommended for carbon footprint analyses until validated, simplified carbon calculator tools or transparent industry-level 
reporting enable reliable independent assessment.

Set environmental standards
Establish clear targets and regulations for water
and energy consumption, waste management, and
the use of hazardous materials in dialysis centers

Mandate reporting
Require dialysis centers to track and report
environmental metrics, promoting transparency
and accountability

Incentivize green practices
Offer accreditation or financial benefits to facilities
that meet or exceed environmental standards

Enforce compliance
Implement penalties for non-compliance with
environmental regulations

Promote research and innovation
Fund research into greener dialysis technologies
and practices

Streamline regulatory approvals
Accelerate approval pathways for technologies
and treatment models that demonstrably reduce
resource use, emissions, or waste

Embed sustainability in procurement 
Implement and develop procurement criteria to
align with environmental and resilience targets

Figure 5 | Policy and regulatory approaches for promoting environmentally sustainable dialysis.
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Table 3 | Barriers and potential solutions to adopting green nephrology practices

Category Barriers Potential solutions/enablers

Evidence, awareness, 
and culture

• Lack of robust evidence for some green practices • Prioritize research funding to generate environmental 
and clinical data

• Absence of supportive clinical guidelines in some cases 
(e.g., for incremental HD)

• Develop evidence-based guidelines where appropriate

• Limited familiarity with or support for sustainable 
treatments and technologies

• Embed sustainability in curricula, orientation programs, 
and continuing medical education

• Variable staff engagement in sustainability practices
• Not knowing “where to start”
• Perception that environmentally sustainable care will be 
more costly or diminish quality of care for patients

• Identify and support local “green champions” to model 
and mentor

• Develop, share, and maintain a repository of case 
studies, including documented cost savings and bene-
fits to patients and staff

Operations and 
service models

• Logistical challenges of individualized prescriptions (e.g., 
variable HD frequency)

• Enable flexible scheduling models (e.g., hybrid once a 
week + twice a week)

• Reimbursement models incentivize higher treatment 
volumes

• Diverse procurement strategies (hospital vs. regional vs. 
national level) with variable awareness of potential for 
environmental improvement

• Align reimbursement models with value-based health 
care principles

• Manufacturer-imposed defaults can limit ability to 
adjust equipment settings for improved sustainability

• Collaborate with industry to optimize settings without 
compromising safety

Measurement and 
data

• Most facilities lack submetering for water and energy • Mandate submetering in new builds and incentivize 
retrofits

• No agreed-upon environmental key performance 
indicators

• Develop standard metrics for dialysis resource use and 
emissions

• Inconsistent and complex LCA methods limit compara-
bility across studies and hinder practical implementation

• Develop and disseminate LCA guidelines and carbon 
calculators tailored to dialysis

Infrastructure, 
equipment, and 
product design

• Environmental data on machines and products are not 
readily available

• Require disclosure of energy/water/resource data per 
treatment

• High capital cost of new technologies • Ensure cost-benefit analyses account for operational 
cost savings from reduced resource use and 
environmental value; explore subsidies or incentives

• Use green procurement frameworks and servitization 
contracts

• Older facilities are often difficult or costly to retrofit for 
sustainability upgrades

• Incentivize retrofits and include sustainability specifica-
tions in new facility planning

• Packaging and product design hinder recyclability • Promote eco-design (modular, recyclable, and minimal 
adhesives/labels) via procurement standards and 
coordinated international advocacy to industry

Supply-chain and 
industry 
engagement

• Proprietary data restrict LCAs and product comparisons • Require public disclosure of cradle-to-grave impacts

• Limited availability of recyclable consumables and bulk
concentrates and commercial disincentives to redesign 
or reduce material use

• Use green procurement frameworks and servitization
contracts

• Limited reverse logistics for collection/recycling • Implement take-back systems

Regulatory and 
policy

• No requirement to report or reduce environmental 
impact

• Mandate environmental disclosures for providers and 
suppliers

• Waste classifications are often outdated, inconsistently 
applied across countries, and not based on current 
evidence

• Update waste codes on the basis of evidence of actual 
risk

• Health technology assessments for new products can be 
challenging and regulatory approvals slow

• Collaborate with industry and regulators to establish 
confidence in marketability of products and in swift but 
safe approval pathways

• Regulations restrict dialyzer reuse and on-site waste 
treatment in some places

• Align regulatory requirements with scientific evidence 
and sustainability objectives

HD, hemodialysis; LCA, life cycle assessment.
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hemodialysis because of reduced patient travel and 
treatment-related energy use, 63,140 though they shift the 
burden of waste management, and, for many, water and 
energy costs, to patients. Although modality choice should be 
driven by patient preferences and clinical suitability, con-
ference attendees agreed that environmental considerations 
should be incorporated into shared decision making. At the 
system level, there was consensus that environmental impact 
should be viewed as a key factor in dialysis planning and

service delivery, with broad support for policies that expand 
access to home dialysis and foster incremental and person-
alized dialysis treatments.

Metrics. There was consensus that the systematic 
collection and application of environmental metrics is 
essential for identifying opportunities, tracking progress, and 
evaluating policy impact. However, widely accepted, stan-
dardized metrics are lacking. Table 2 displays potential unit-
and system-level indicators.

Table 4 | Key questions, knowledge gaps, and research recommendations

Realm Questions and knowledge gaps Strategies for research

Prescriptions • What is the minimum Qd that can be applied in HD and HDF while 
maintaining long-term outcomes?

• What is the environmental impact of the differing consumables used 
in HDF compared with HD?

• Conduct prospective dose-ranging studies with 
long-term follow-up.

• Compare the full environmental impacts of HD 
and HDF using life cycle assessment.

Operations • What are the optimal disinfection frequencies and intensities for 
reverse osmosis membranes, loops, and dialysis machines to ensure 
safety while minimizing resource use?

• How do new dialyzer reprocessing technologies compare with single-
use models?

• Collaborate with manufacturers to trial reduced 
disinfection frequencies, supported by strict mi-
crobial monitoring.

• Conduct comparative life cycle assessments 
across environmental, clinical, and regionally 
stratified economic domains.

Innovations • What are the environmental impacts of emerging dialysis innovations, 
and how do they compare with those of existing treatments and 
technologies?

• Can shorter bloodline configurations be implemented safely and 
feasibly?

• What design modifications to APD cassettes and tubing kits would 
most effectively reduce plastic use?

• What safeguards would enable safe reuse of PD drain lines?
• Can emptied CAPD fluid bags be repurposed as drainage bags for 
subsequent exchanges, and what safety issues must be addressed?

• How does PD solution packaging affect dialysate integrity under 
suboptimal conditions, such as elevated temperatures during trans-
port or prolonged storage?

• What refinements to forward osmosis systems are needed to optimize 
urea rejection, validate microbiological safety, and ensure that they are 
compatible with routine disinfection protocols?

• Can microbiological safety be ensured across different dialysis effluent 
treatment strategies, and are these strategies economically viable and 
suitable for large-scale implementation?

• Can point-of-care PD dialysate production reliably meet quality 
standards across variable water sources while remaining acceptable 
and practical for patients?

• Can appropriate use of remote monitoring reduce environmental 
impact while matching or improving upon the clinical outcomes and 
patient experience compared with in-person care?

• What are the safety and efficacy profiles of bioplastics?
• Do bioplastics pose any risks to humans and the environment, and, if 
so, how can these risks be mitigated?

• What are the risks (to patients and to the environment) of the release 
of microplastics from dialysis components, and how can these be 
mitigated?

• For all listed innovations, conduct full life cycle 
assessments in parallel with feasibility, safety, 
cost, and user-centered design evaluations.

• Clinician-investigators and patients partner with 
industry in the development of green dialysis 
innovations.

• Regulators expeditiously approach approval pro-
cesses for environmentally progressive products 
without compromising safety.

Health system/ 
policy/ 
regulation

• What delivery and recycling pathways for dialysis consumables are 
optimal, and how do these differ across regions and health care 
settings?

• Are home therapies environmentally preferable to facility-based care 
across different settings?

• What waste management approaches are optimal for home dialysis 
therapies to minimize patient burden?

• How can dialysis access in LMICs be expanded without worsening 
environmental injustice?

• Consult waste management experts and/or envi-
ronmental engineers.

• Conduct local/regional life cycle assessments and 
stakeholder-engaged scenario modeling.

APD, automated peritoneal dialysis; CAPD, continuous ambulatory peritoneal dialysis; HD, hemodialysis; HDF, hemodiafiltration; LMICs, low- and middle-income countries; 
PD, peritoneal dialysis; Qd, dialysate flow rate.
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Participants also noted that inconsistencies in life cycle 
assessment methodology hinder robust metric collection 
and cross-center and regional comparisons. They empha-
sized the need for a consistent and transparent approach to 
life cycle assessments. Although standards developed by the 
International Organization for Standardization provide a 
framework, sector-specific guidance, such as that developed 
by the Sustainable Healthcare Coalition 141 or reporting 
guidelines under development via the Equator Network, 142 

can support practical application in health care. The 
development of dialysis-specific product category rules, 
building on similar efforts underway for pharmaceuti-
cals, 143 would further strengthen consistency by defining 
standardized parameters for carbon assessment across 
products and services.
It was also noted that life cycle assessments are method-

ologically complex. To support their broader application, 
participants highlighted the need for simplified user-friendly 
tools. For example, an online carbon calculator for in-center 
hemodialysis (https://ichdcarbon.org/) has been developed in 
the United Kingdom; this should be validated for broader 
applicability or adapted to local contexts.

Industry. Conference attendees agreed that industry has 
a critical role in advancing environmentally sustainable 
dialysis, as most dialysis-related carbon emissions arise from 
the supply chain, and industry drives technological 
innovation.
One barrier to accurate environmental impact assess-

ments is limited access to proprietary data. Policies 
mandating greater transparency and data sharing could help 
overcome this. In parallel, the use of standardized life cycle 
assessment guidance and the development of product cate-
gory rules might support industry in conducting more 
consistent environmental footprint assessments of dialysis 
products.
To counter incentives that favor short-term cost savings 

over long-term sustainability, participants highlighted the 
potential of servitization: a shift from product sales to 
service-based models in which suppliers retain responsibility 
for maintenance and end-of-life management of products. 
Reverse logistics—the process of returning products from 
end users back through the supply chain for reuse, recycling, 
or safe disposal—was also identified as a key opportunity. 
This could include retrieving PD-related waste for recycling 
or returning dialysis machines for refurbishment or reuse of 
parts rather than disposal. These changes will require 
enabling policy and regulatory frameworks to drive uptake 
and accountability.
Participants recognized the potential of a global sustain-

able procurement strategy, as is being developed by the In-
ternational Society of Nephrology, 144 to aggregate demand 
across countries and institutions and provide industry with 
the commercial certainty needed to innovate.

Policy and regulation. A supportive policy and regulatory 
environment was considered essential for embedding envi-
ronmental sustainability within dialysis care (Figure 5).

Although stand-alone initiatives were welcomed, participants 
emphasized that sustainability should be integrated into 
broader health system objectives. A value-based health care 
framework that considers environmental impacts alongside 
clinical outcomes and economic costs (Figure 1) was viewed 
as important to aligning environmental and health priorities. 
However, participants also noted that the substantial envi-
ronmental burden of health care, including dialysis, remains 
insufficiently recognized by policymakers, highlighting the 
need for proactive advocacy and continued engagement to 
ensure that both impacts and solutions are incorporated into 
future policy and regulatory frameworks.
Participants further emphasized the importance of 

embedding climate resilience and supply chain risk man-
agement into dialysis policy and system design. For example, 
aligning procurement criteria, providing targeted incentives, 
and/or streamlining regulatory approvals for regional 
manufacturing could support decentralized production, 
acknowledging potentially higher upfront costs. Barriers and 
strategies for scaling green nephrology practices are provided 
in Table 3.

Future directions and conclusions
Grounded in the shared recognition that human and plan-
etary health are inextricably linked and that environmental 
sustainability is a core dimension of health care quality, 
conference participants identified opportunities to reduce 
environmental harm across clinical, operational, technical, 
and policy domains while improving patient outcomes. This 
remains an underexplored research area, with key questions 
and directions outlined in Table 4. Advancing this green 
dialysis agenda will require a shared sense of urgency and 
coordinated action from clinicians, patients, industry, and 
policymakers.
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