
During the past century, human populations have 
experienced unparalleled health gains. Global average 
life expectancy has almost doubled, whereas child and 
maternal mortality have decreased by around 9-fold  
and 100-fold, respectively1–3. Despite the ageing of the 
world’s population, the global total disease burden, 
measured in disability- adjusted life years, has steadily 
declined, as has the number of people living in extreme 
poverty4,5. In addition, human populations have col-
lectively (although not equally) benefited from better 
health care, improved education, major technological 
advances and increased wealth.

Such progress has, however, come at considerable 
environmental cost. Less than a quarter of all land on 
Earth remains free from the direct impact of human 
activities, with this figure predicted to fall to 10% by 
2050 (refs6,7). Over one- third of all the land surface has 
been converted into farmland, and annually, nearly 75% 
of freshwater resources are appropriated for agricultural 
use6,8. Human activities have led to the extinction of  
60% of mammals, birds, fish and reptiles since 1970, 
with a further 1 million animal and plant species threat-
ened with extinction, many within decades8. Each 
year, 4.8–12.7 million metric tonnes of plastic9 and  
300–400 million tons of heavy metals, solvents, toxic 
sludge and other wastes from industrial facilities8 are 
allowed to enter the oceans. In addition, anthropogenic 
greenhouse gas emissions have increased 2-fold since 
1980, raising the average surface temperature of the 
Earth by about 1.0 °C above pre- industrial levels8. This 

global warming is presenting unprecedented risks, not 
only to natural systems but also to human health10,11.

It is becoming increasingly clear that as a species, we 
are well and truly living beyond our means. As noted 
in the 2005 Millennium Ecosystem Assessment report, 
“human activity is putting such strain on the natural 
functions of Earth that the ability of the planet’s eco-
systems to sustain future generations can no longer be 
taken for granted”12. If we are to maintain the health 
gains achieved over the last century, urgent action is 
required to conserve natural resources and reduce the 
impact of people on the planet. New ways of thinking 
and doing are required from all levels of society and 
across all sectors, including health care.

Importantly, health- care systems, particularly in the 
developed world, consume vast resources and make a 
substantial contribution to greenhouse gas emissions. 
In 2013, over 10% of total US emissions arose from the 
health- care sector13, whereas 7% of total Australian emis-
sions arose from the health- care sector in 2014–2015  
(ref.14). In the UK, where substantial efforts have been 
made to address the carbon footprint of health care, the 
contribution of this sector to total emissions in 2015 was 
lower at 4%15.

Haemodialysis programmes have a particularly large 
carbon footprint, with a recurrent, per capita resource 
consumption and waste generation profile that seems to 
be disproportionately high compared with most other 
medical therapies16–18. Although fewer data are available 
on the carbon footprint of peritoneal dialysis (PD), the 
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high usage of consumables and resultant waste gener-
ation together with the high frequency of treatments 
suggest that the environmental impact is likely to be 
substantial.

In this Review, we outline the relationship between 
environmental change and kidney diseases and discuss 
the environmental impact of kidney care delivery, with 
a focus on dialysis. We also highlight the existing oppor-
tunities to reduce the carbon footprint of kidney care as 
well as areas for future research.

Environmental change and kidney disease
Over the past decade, understanding of the relationship 
between environmental change, particularly climate 
change, and human health has increased rapidly10,11. 
The effects of climate change on health are broad and 
mediated through increases in extreme weather events; 
altered distributions of vector- borne and other climate- 
sensitive diseases; reductions in crop yields, fish stocks 
and fresh water availability; and social unrest and pop-
ulation displacement (fig. 1). Together, these factors are 
now viewed as the greatest public health challenge of the 
twenty- first century10,11,19.

Many of these factors can also have an impact on the 
patterns and distribution of kidney diseases20,21 (fig. 2). 
Extreme heat days, which are predicted to become more 
frequent and severe over the coming decades, increase 
the insensible loss of body water and salt. This loss can 
lead to fluid deficit, vasoconstriction, reduced kidney 
perfusion and associated acute kidney injury (AKI). 
Multiple studies have reported increases in hospital 
admissions for AKI during heat waves22–27. During the 
severe European heat wave of 2003, kidney failure was 
a documented cause of excess mortality28. Higher tem-
peratures also promote nephrolithiasis; the primary 
mechanism is thought to be volume depletion, which 
leads to a compensatory reduction in urine volume with 
subsequent urinary supersaturation with stone- forming 

salts29. Models suggest that if the current rate of temper-
ature rise is sustained, the number of lifetime cases of 
stone disease in the USA will increase by 2 million by 
2050 (ref.30). The estimated cost of this increase to the 
US health- care system is US$0.9–1.3 billion annually.

Extreme heat combined with strenuous work and 
water shortage has also been associated with epidem-
ics of early onset chronic kidney disease (CKD) in 
diverse regions of the world including Central America,  
Sri Lanka, India, the Middle East, Africa, North America 
and South America31–33. Although the underlying cause 
of CKD in these cases remains controversial, there is 
general agreement that heat stress is likely to be a key 
contributor, possibly exacerbating damage caused by an 
environmental toxin found in pesticides, soil or drinking 
water34. The kidney is particularly vulnerable to environ-
mental toxins because once systemically absorbed, many 
of these toxins are concentrated in the kidney during 
filtration. Although the available data are currently lim-
ited, evidence of an association between environmental 
pollutants and a range of kidney diseases is increasing35.

The frequency and intensity of floods are also pre-
dicted to increase because of climate change, as is the 
geographic distribution of disease vectors such as 
mosquitoes10,36. These changes will increase the risk of 
diarrhoeal illnesses and infections such as leptospirosis, 
hantavirus, malaria and dengue, which are major causes 
of AKI in low- income and tropical regions37. Other envi-
ronmental changes such as deforestation and urbaniza-
tion will create additive risk, with loss of habitat and food 
sources driving animal and insect species into greater 
contact with humans12.

Climate change is also likely to have a destabilizing 
effect on the provision of health care to patients with 
kidney diseases. Extreme weather events can interrupt 
critical infrastructure including power, water, transpor-
tation and telecommunication services. Such disruption 
can have a negative impact on access to haemodialysis 
facilities, transport of haemodialysis and PD supplies 
and the availability of critical medical care and med-
ications, including immunosuppressants for kidney 
transplant recipients.

The environmental impact of dialysis
In 2018, 3,362,000 people were estimated to be receiving 
dialysis worldwide, with 2,993,000 (89%) receiving hae-
modialysis and 369,000 (11%) receiving PD38. Impor-
tantly, the global dialysis population continues to grow 
every year and is projected to reach close to 5 million 
by 2025 (ref.39). When these numbers are considered in 
the context of the resources used and waste generated 
per dialysis treatment, the enormity of the environmen-
tal impact of this single medical intervention becomes 
apparent40.

Haemodialysis
Water usage. Large- volume, high- quality water is cen-
tral to the provision of haemodialysis. Prior to being 
used for haemodialysis, source water must be exten-
sively treated to remove contaminants and inorganic 
ions and reduce hardness41. A core step in this process 
is reverse osmosis (RO) water filtration, which involves 

Key points
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the	point	of	care.
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generation,	widespread	uptake	of	environmental	improvement	opportunities	by	
dialysis	facilities,	increased	environmentally	themed	research	and	a	greater	focus	on	
preventative	care.
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using hydrostatic pressure to force water across a semi- 
permeable membrane that removes any remaining dis-
solved ions and salts (fig. 3). Many of the RO systems 
currently in use are inefficient, rejecting between half 
and two- thirds of the source water at the RO membrane. 
This inefficiency means that for a dialysate flow rate 
of 500 ml/min, 1 l or more of source water per min-
ute is required to prepare the dialysate, or 240 l over a 
4-h dialysis session. As pretreatment priming, rinsing 
and sterilization of the system also requires water, total 
water draw per patient, per haemodialysis treatment, can  
reach 500 l.

Historically, any unused permeate and all water 
rejected at the RO membrane was sent to the drain. 
However, improvements in modern haemodialysis sys-
tems can reduce water wastage. Many systems are now 
able to automatically adjust the flow of water to match 
actual usage42. Flow rate is reduced when few patients are 
dialysing and machines are in standby mode or under-
going disinfection, leading to lower production of pure 
water for dialysate preparation and lower water wastage 
by the RO unit. In addition, some systems now have the 
ability to recirculate unused permeate and a proportion 
of the RO ‘reject’ water back to the inlet to be passed 
through the RO membrane again. The most efficient of 
the available systems are able to recirculate or ‘save’ 80% 
of the water that would otherwise go to the drain43.

Unfortunately, as a general rule, wasting water by 
setting a low recovery ratio (percentage of source water 
that is converted into pure water) is beneficial for the 
function of the RO unit and will extend the life expec-
tancy of the RO membrane. Increasing the recovery 
ratio will increase the likelihood of organic fouling of 

the membrane or scaling by water hardness if a softener 
is not used. A recovery ratio >50% should therefore gen-
erally only be used for softened, non- fouling feed water, 
or where the cost of membrane replacement is low. 
Moreover, the most efficient RO systems are expensive, 
which precludes many haemodialysis facilities from pur-
chasing them. The result is that many dialysis facilities 
still send ≥50% of source water to the drain.

Importantly, even if water wastage could be reduced 
to zero, the reliance of effective haemodialysis on a high 
dialysate flow rate means that this intervention will 
always remain water- hungry. The use of a dialysate flow 
rate of 500 ml/min mandates the delivery of 120 l of water 
to each patient over each 4-h treatment session or, for a 
patient dialysing three times a week, 18,720 l annually.

Power usage. Haemodialysis systems are also very 
power- hungry. A study from Australia reported the 
average power draw of a Fresenius 4008B haemodialy-
sis machine in combination with an individual Gambro 
WRO 10-1 RO unit to be 6.2 kWh per session44. This 
value included the power required for equipment start 
up and priming, a 4.5-h haemodialysis treatment session 
and the rinse and disinfect cycle.

An audit of electricity usage performed within two 
satellite haemodialysis facilities attached to the Royal 
Melbourne Hospital Kidney Care Service, Melbourne, 
Australia (15 and 12 chairs, respectively), found that 
the average ‘operational day’ electricity consumption 
was 271.5 kWh and 325.0 kWh at the two sites (K.A.B., 
unpublished work). The central RO unit in each facil-
ity (both Gambro CWP 103) used between 61% and 
75% of the total electricity consumed, while the dialy-
sis machines (Gambro AK 95 and Gambro 200) used 
9–13%. The electricity usage per dialysis treatment 
averaged 12.0 kWh and 19.6 kWh at the two facilities, 
respectively. By comparison, the average Australian 
household used 18.7 kWh per day in 2014 (ref.45).

Waste generation. Three main waste disposal streams 
exist in health care: hazardous (infectious) waste, gen-
eral waste and waste for recycling. To mitigate the risk 
of infection, hazardous waste must be either incinerated 
or chemically sterilized prior to disposal in landfill at 
high environmental and financial cost. General waste 
goes directly to landfill, but toxins from this waste such 
as phthalates (found in many medical plastics) can leach 
into the soil and groundwater and become environmen-
tal and health hazards for many years46. In addition, 
organic waste in landfill emits methane, a greenhouse 
gas that is 21 times more potent in terms of global 
warming than carbon dioxide (CO2)47. Optimal recy-
cling reduces resource use compared with manufacture 
of a product from virgin materials48, but the capacity to 
recycle varies by country, as does the cost.

Detailed information regarding the types and 
amounts of waste generated by haemodialysis is sparse. 
A dialysis facility from the UK reported the generation 
of 2.5 kg of hazardous waste per haemodialysis treat-
ment, of which 38% was plastic49. The waste was com-
posed of numerous materials and plastic types, although 
polyvinyl chloride (PVC) was the most common 
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Fig. 1 | greenhouse gas emissions, climate change and human health. Climate 
change owing to high levels of greenhouse gas emissions poses a broad range of threats 
to human health and survival11. The impacts of climate change on human health can be 
direct (for example, heatwaves cause heat stress and other heat- related illnesses), 
indirect (for example, warmer temperatures lead to an increased range of mosquitoes 
and alterations in the incidence and distribution of mosquito- borne diseases), or 
deferred and diffuse (for example, water shortages can lead to conflict and forced 
migration with associated ill- health).
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(0.65 kg or 26% of the total). The outer packaging of 
individual items contributed another 0.075 kg, excluding 
cardboard, which was sent for recycling.

A study from Italy reported the generation of 
1.5–8 kg of waste per treatment depending on the dial-
ysis machine and choice of consumables50. Between 
1.1 kg and 8 kg of this waste was disposed of as hazard-
ous waste; the amount was determined by the degree to 
which waste was properly segregated by dialysis staff. 
Importantly, less than one- third of the non- hazardous 
waste was potentially recyclable.

Carbon footprint. Carbon footprint studies examine the 
total amount of CO2 emissions that are directly and indi-
rectly caused by an activity or accumulated over the life 
stages of a product51. When estimating the carbon foot-
print of haemodialysis, factors that would typically be 
considered include energy, water and consumable usage, 
waste generated by the haemodialysis procedure and the 
distances travelled and modes of transport utilized by 
patients and staff. These ‘activity’ data are converted 
into a common measurement unit of tonnes of CO2 
equivalents (t CO2-eq) using standard emission factors16.

A limited number of studies have looked at the over-
all carbon emission impact of haemodialysis. In a study 
of thrice- weekly in- centre haemodialysis in the UK, 
emissions of 3.8 t CO2-eq were reported per patient, 
per annum17. This value is more than seven times the 
mean per patient carbon footprint in UK health care18. 
Home haemodialysis was responsible for greater emis-
sions: 7 h of haemodialysis six nights a week resulted in 
emissions of up to 7.2 t CO2-eq per patient per annum, 
depending on the regimen. In Australia, the carbon foot-
print of conventional haemodialysis has been estimated 
to be 10.2 t CO2-eq per patient per annum16, which is 
more than two- thirds of the estimated Australian mean 
annual per capita CO2 emission of 15.4 t CO2-eq52.

Interestingly, in the Australian study16, the largest 
shares of carbon emissions arose from pharmaceuticals 

(37.5%) and medical equipment (23.5%), with build-
ing energy use, water and waste making substantially 
smaller contributions16 (pharmaceutical usage was not 
considered in the UK study17). This finding is consist-
ent with broader health- care system data from the UK, 
where 21% of total emissions have been attributed to 
pharmaceuticals and 11% to medical devices53. However, 
despite their apparent large collective carbon footprint, 
very few data are available on the life cycle impact of 
individual pharmaceutical compounds or devices54. To 
our knowledge, no publicly available information exists 
on the carbon footprint or other environmental impact 
of the individual pharmaceutical compounds that are 
prescribed or the dialysis machines that are used in 
kidney care facilities on a daily basis.

Peritoneal dialysis
Water usage. PD uses far less dialysate than haemo-
dialysis, in the order of 6–12 l per patient per day 
depending on the dialysis prescription. However, as 
with haemodialysis, it can be assumed that several litres 
of source water are used to generate each final litre of 
the pure water that becomes the dialysate. Moreover, 
dialysate for PD comes packaged in plastic. Although 
the water footprint of plastic varies depending on the 
type and production method, creation of 1 kg of plastic 
is generally considered to require around 180 l of water55. 
An empty 2-l PD dialysate bag weighs 155 g, suggesting 
water usage during manufacture of around 28 l per bag.  
Notably, the precise amount of water used is not pub-
licly known because of the proprietary nature of PD fluid 
production.

Waste generation. The data on waste arising from PD 
procedures are even more sparse than that available for 
haemodialysis. A report from the UK described the gen-
eration of 1.69 kg of solid waste per day from patients 
receiving continuous ambulatory PD performing four 
daytime exchanges49. Of this waste, 0.94 kg or 56% was 
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Fig. 2 | The relationship between climate change and kidney diseases. Climate change has the potential to have an 
impact on the incidence and distribution of acute and chronic kidney diseases through a variety of pathways. In addition, 
extreme weather events related to climate change are likely to have an increasingly disruptive influence on the delivery of 
health care to patients with kidney diseases.
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PVC. Although this amount was less than that gener-
ated per haemodialysis treatment at the same centre 
(2.5 kg), the annual waste generation per patient on PD 
was estimated to be higher than that per patient on hae-
modialysis because of the daily nature of PD therapy 
(617 kg versus 390 kg). No study has reported on waste 
generation from automated PD.

Carbon footprint. To our knowledge, only one study has 
examined the carbon footprint of PD. This study was 
conducted at a single centre in China and involved 
patients treated with either continuous or daily ambu-
latory PD with a daily dialysate dose of 8 l (ref.56). The 
results showed that 80% of the carbon footprint of PD 
was attributable to packaging materials (plastic dialysate 
bags, outer packaging and cardboard boxes), with the 
remainder mainly due to electricity usage and waste 
disposal. The overall carbon footprint of PD totalled 
1.4 t CO2-eq per annum, a figure that is substantially 
lower than that reported for haemodialysis in the stud-
ies discussed above16,17. However, the carbon impact 
of pharmaceutical use and of transporting PD fluids 
from the point of manufacture to the point of care 
were not considered. Given that both are likely to be 
very important contributors to the carbon footprint, 
more definitive assessments are needed to determine 
whether PD is more environmentally friendly than  
haemodialysis.

Opportunities for improvement
Given the high resource and carbon impact of dialysis, 
moral imperatives exist for dialysis services to consider 
ways of reducing their environmental footprint, and 
regulatory imperatives are likely in the future. In addi-
tion, it will be essential for dialysis services worldwide 
to implement targeted actions to reduce costs if the cur-
rent quality of care is to be maintained or improved in 
the face of ever- growing service demands. Fortunately, 
many of the changes that are needed to improve envi-
ronmental sustainability in health care also have the 
potential to deliver financial sustainability. Furthermore, 
many examples of where and how changes can be made 
already exist.

Haemodialysis
RO reject water recycling. A common misconception is 
that RO reject water is in some way contaminated. In 
fact, this water is highly purified source (tap) water that 
has passed through carbon and sand filters to remove 
particulate matter, chlorine, chloramines and other 
waste products. The reject water never contacts the dial-
yser or the patient; thus, it poses no more infectious, or 
other, risk (indeed far less risk) than the source water.

To prove this point, in 2004, a kidney care service 
from Australia performed detailed analysis of its RO 
system reject water and showed that apart from a mild 
increase in conductivity, it was indistinguishable from 
local drinking water and fell well within the limits set 
by the World Health Organization for potable water57,58. 
This group then pioneered the concept of capturing 
and reusing the reject water for other purposes58. Very 
simply, this approach involved the redirection of reject 
water from the RO unit into a nearby storage tank rather 
than down the drain. The water was then pumped to a 
holding tank on the eighth floor of the hospital build-
ing and gravity- fed to other areas of need, including the 
hospital’s central sterilizing department (for steam gen-
eration), toilets, janitor stations and gardens. The same 
principles were employed in the home setting, with a 
tank, the necessary piping and a pump incorporated on 
a routine basis into home haemodialysis installations. 
This approach allowed patients to use their reject water 
in their laundries, toilets, gardens and elsewhere and 
to some extent offset the increased water costs they 
incurred from dialysing at home.

Subsequently, a limited number of other dialysis 
services have reported capturing and reusing RO reject 
water42. Illustrating the potential benefits of incorporat-
ing water- saving infrastructure into a new- build dialysis 
unit, one UK service described a recouping of imple-
mentation costs within a few months of unit opening, 
with recurrent savings of up to 4,492,000 l of water and 
£10,558 per year thereafter59. UK, Australian and French 
data have also shown that retrofitting water- conserving 
equipment to existing RO systems can be financially via-
ble and even profitable60–62, although the costs are influ-
enced by the ease of installing pipe- work and storage 
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Fig. 3 | Water treatment in haemodialysis. Feed water is passed through a sediment filter to remove suspended solids 
and then a carbon filter to remove chlorine, chloramines and organic matter by absorption. The water is then pumped 
across a semi- permeable membrane that removes any remaining dissolved ions and salts via reverse osmosis (RO). This 
treatment produces water of a quality suitable for haemodialysis. The by- product is a similar volume of RO ‘reject’ water. 
Modern RO systems have the ability to recirculate a proportion of the reject water along with any unused permeate back 
to the inlet to be passed again through the RO membrane, thereby reducing water wastage.
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tanks in existing buildings and opportunities for reject 
waster reuse62.

Notably, despite the simplicity of the methodology 
and the potential for water and cost savings for dialysis 
services and home patients, we are not aware of legisla-
tion in any country that requires consideration of RO 
reject water capture and reuse in haemodialysis services. 
Such consideration should be a mandatory requirement 
for new- build dialysis units, as should consideration of 
other features of passive eco- building design.

Reduced dialysate flow rates. Since the 1960s, dialysate 
flow rates (Qd) have been routinely maintained at 
500 ml/min, which was considered to be optimal for the 
dialysers in use at the time63,64. However, improvements 
in modern dialysers, including changes in fibre packing 
density and taper design, undulation of fibres and the 
addition of spacer yarns in the fibre bundle, enable better 
dialysate flow distribution across the dialysate compart-
ment65–70 and theoretically reduce the need for a high Qd 
to obtain adequate clearances.

Over the past decade, a limited number of studies have 
examined the impact of reduced Qd on dialysis adequacy. 
A single- centre crossover study found minimal benefit 
of increasing dialysate flow rates above 400 ml/min on 
urea clearance (Kt)71. Treatment with a Qd of 500 ml/min 
used 24 l more dialysate per 4-h session than treatment 
with a Qd of 400 ml/min, whereas further increasing 
Qd to 700 ml/min used an additional 48 l. A random-
ized crossover study in patients with body weights 
<65 kg reported that reducing Qd from 500 ml/min  
to 400 ml/min had no impact on Kt/V, interdialytic 
weight gain, blood pressure or electrolytes, but did 
decrease per- treatment dialysate consumption from 
120 l to 96 l (ref.72). Another study compared Kt/V when 
dialysis was performed at Qd 500 ml/min, 700 ml/min 
and as determined by an AutoFlow function, which auto-
matically adjusted Qd according to the effective blood 
flow of the individual patient and achieved a mean Qd of  
404 ± 21 ml/min (ref.73). Although minimal benefit was 
seen by increasing Qd above the level dictated by the 
Autoflow function, the lower Qd seen with AutoFlow 
reduced dialysate and acid concentrate use by 20% and 
bicarbonate powder use by 23%. A study that used blood 
flow rates of 150–200 ml/min found that reducing Qd 
from 500 ml/min to 400 ml/min reduced urea, creatinine 
and phosphate clearance when the blood- to-dialysate flow 
rate ratio fell below 1:2 (ref.74). These data suggest that a 
threshold blood flow rate may be necessary to maintain 
dialysis efficiency in the context of a reduced Qd.

Importantly, follow- up in these studies was short 
(4–24 weeks) and none examined the longer term clin-
ical outcomes of dialysing with reduced Qd. However, 
a Colombian study published in abstract form in 2019, 
reported similar dialysis adequacy, calcium, phosphate 
and parathyroid hormone concentrations in patients 
weighing <70 kg dialysing with a Qd of 400 ml/min 
versus 500 ml/min (ref.75). Moreover, adjusted mortal-
ity was similar between the groups over a minimum 
follow- up period of 2 years. Full publication of this study 
is needed, as are confirmatory studies in other popula-
tions. However, the available data suggest that a more 

considered approach to Qd is likely to be appropriate. 
Reducing dialysate usage by ~20 l per treatment might 
seem like a small improvement, but a similar volume 
of RO reject water will also be saved and the potential 
for water savings is large when the global haemodialysis 
population is considered.

Haemodialysis wastewater reuse. Haemodialysis waste-
water (the spent dialysate containing uraemic waste that 
exits the dialyser) is uniformly discarded to the drain by 
all dialysis services worldwide. However, a single study 
from Morocco has investigated the potential of recycling 
this water for irrigation, landscaping and agricultural 
purposes76. In this study, RO reject and wastewater were 
together collected from the outflow pipe that drained 
from the haemodialysis unit into the municipal sewage. 
Testing of the water showed levels of organic matter 
and bacterial counts that fell within the limits set by the 
World Health Organization and the United Nations Food 
and Agriculture Organization for wastewater for agricul-
tural purposes. The only difference between the haemo-
dialysis wastewater and water that is considered to be 
suitable for agricultural use was an increase in conduc-
tivity, which the researchers suggested could be treated 
through processes such as RO or nanofiltration. The 
estimated costs of these treatments were high, but sub-
stantially lower than the costs of other water treatment 
processes currently in use, such as desalination.

Although there is currently no evidence that environ-
mental contamination by wastewater from haemodialy-
sis of patients with infectious diseases poses any practical 
risk, the theoretical risk, combined with the cost, make 
it unlikely that wastewater recycling by dialysis services 
will become widespread in the near future. However, 
with water scarcity predicted to impact two- thirds of the 
world’s population by 2050 (ref.77), this concept might 
eventually be revisited.

Renewable power generation. There are currently limited 
options for reducing power consumption by haemodial-
ysis systems. However, the impact of electricity usage on 
the carbon footprint of haemodialysis is dependent not 
only on the energy requirements of haemodialysis systems 
but also on the fuel sources or technologies used for local 
electricity generation. A study from Australia demon-
strated that in the state of Victoria, which relies heavily 
on highly polluting brown coal, 18.6% of total dialysis 
emissions were attributable to electricity16. Conversely, in 
the state of Tasmania where electricity supply is mainly 
from hydro sources, the contribution of electricity to total 
emissions was substantially lower at 5.2%.

The global uptake of renewable energy sources is 
rapidly accelerating78 and over time, this change will 
substantially reduce the carbon burden of electricity 
usage in haemodialysis. In the shorter term, individual 
dialysis facilities might consider localized solar system 
installations.

Only one study of solar augmentation of dialy-
sis power exists in the literature. In 2012, Agar et al.44 
showed that a 3-kWh solar array on the roof of a four- 
chair home haemodialysis training unit in Australia 
reduced grid power consumption by 91% and power 
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costs by 76.5%. Despite the high capital cost of the sys-
tem (Australian $16,219), a return on investment was 
estimated at 7–8 years, with cost- free power generation 
for the life of the solar array thereafter. Importantly, roof-
top solar costs have subsequently decreased in Australia 
and elsewhere79. The time to return on capital investment 
would therefore be substantially shorter today, in the 
order of 3–4 years in Australia for a similar sized system.

Efficient water purification. Achieving more substantial 
reductions in water and power usage in haemodialysis 
will require a move away from RO as a means of purify-
ing water towards more efficient technologies. Vapour 
compression distillation may be one such technology. 
The Slingshot water purification unit is a relatively com-
pact and lightweight device (<140 kg) that uses vapour 
compression distillation to convert water from any 
source into potable water80. This device can produce up 
to 850 l of water per day with little wastage and uses less 
than 1 kW of electricity per hour.

Use of the Slingshot for provision of safe drinking 
water has been piloted in schools, health clinics and 
community centres in developing regions where access to 
potable water is limited80. To our knowledge, it has not yet 
been trialled as a means of treating water for haemodialy-
sis. Whether or not this device is capable of producing the 
quality and quantity of water that is required for haemo-
dialysis at a reasonable cost remains to be demonstrated, 
but given its potential to reduce haemodialysis resource 
use, study of this application seems to be warranted.

Sorbent haemodialysis. In the future, sorbent technology 
may also provide a means of dramatically reducing both 
water and power usage in haemodialysis. In short, sorbent 
dialysis involves recirculating and reconstituting spent 
(effluent) dialysate rather than sending it to the drain 
(fig. 4), as occurs during conventional haemodialysis81,82. 

Sorbent technology not only removes the need for a con-
tinuous water source but also vastly reduces the overall 
volume of water required for the haemodialysis treatment 
(typically ~6 l are used)81,82. Other advantages of sorbent 
dialysis systems include reduced power usage, smaller 
size, increased portability and an ability to obtain water 
of a higher purity than can be achieved by conventional 
haemodialysis systems.

Interestingly, sorbent dialysis is not a new technol-
ogy. Between 1960 and 1980, a sorbent system known 
as REDY (recirculation of dialysate) was widely used in 
clinical practice alongside conventional haemodialy-
sis systems81. However, use of this system ceased com-
pletely by the early 1990s, largely for reasons of cost. 
Over the early part of this century, a number of new and 
improved sorbent- based systems were evaluated in clin-
ical trials and some of these were approved for use by the 
US Food and Drug Administration81,82. However, these 
systems were never marketed for mainstream use, for 
unclear reasons.

In the past 15 years, there has been a resurgence of 
interest in sorbent technology in the form of the Wearable 
Artificial Kidney (WAK), a miniaturized, sorbent- based, 
battery- operated haemodialysis system designed for con-
tinuous use83. A small clinical trial reported adequate 
clearances and high patient satisfaction with 24 h of WAK 
application84. However, a large range of technical issues 
were encountered (e.g. excessive carbon dioxide bubbles 
in the dialysate circuit, clotting of the blood circuit and 
fluctuating blood and dialysate flows), suggesting that it 
will be some time, if ever, before the WAK becomes com-
mercially available and helps to solve the issues of water 
and power usage in haemodialysis.

Waste segregation, recycling and minimization. Effective 
waste segregation is a key first step in reducing the envi-
ronmental and financial burden of haemodialysis waste 

Dialyser

Sorbent 
cartridge

Dialysis 
fluid
solution

Electrolyte 
concentrate
(K+, Ca2+ 
and Mg2+)

Zirconium oxide and
zirconium carbonate

Zirconium phosphate

Urease

Activated
charcoal

To patient

From 
patient

Spent
dialysate

Pure water

Fig. 4 | Schematic of a sorbent dialysis system. Sorbent dialysis systems recirculate and reconstitute spent (effluent) 
dialysate rather than sending it to the drain. The spent dialysate exits the dialyser then passes through a multilayered 
sorbent cartridge. The first layer contains activated charcoal, which adsorbs heavy metals, chloramines, creatinine, a range 
of middle- molecular-weight molecules and other organic matter. The second layer contains urease, which converts urea 
into carbon dioxide and ammonia. The third layer contains zirconium phosphate, which releases sodium and hydrogen 
while binding ammonium, calcium, magnesium, potassium, other cations and metals. The final layer contains zirconium 
oxide and zirconium carbonate, which release sodium, bicarbonate and acetate in exchange for phosphate, fluoride and 
metals. The pure water that emerges from the cartridge is mixed with an electrolyte concentrate before being returned to 
the dialyser.
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disposal. A study from Italy demonstrated that by simply 
emptying residual fluids from receptacles and directing 
all haemodialysis waste to the appropriate stream, up to 
7 kg less hazardous waste could be generated per haemo-
dialysis treatment50. Best, as opposed to worst, practice 
waste management had the potential to save on average 
€10 (US$13) per treatment for very little additional staff 
time (~1 min for haemodialysis and 2 min for haemo-
diafiltration). The researchers estimated that optimal 
management of waste across dialysis facilities worldwide 
could save €3 billion (US$4 billion) annually.

Optimization of recycling is also beneficial. For 
example, PVC is typically disposed of as general or haz-
ardous waste. This approach creates the potential for 
leaching of plasticizers into the soil and groundwater 
from landfill or the release of toxic dioxins if the PVC 
is incinerated49,85,86. However, PVC can be recycled at no 
or very low cost into hosing or floor mats for children 
and workplaces87. Each tonne of recycled PVC replaces 
a similar weight of virgin PVC compound, thereby 
off-setting the carbon footprint of new products87.

Dialyser reuse might be considered to offer another 
opportunity to reduce solid waste in haemodialysis. 
However, this practice would lead to an increase in liquid 
waste from the germicides used for dialyser disinfection. 
Study of the environmental impact of single- use versus 
the reuse of dialysers would be required before the latter 
could be recommended on environmental grounds, the 
fact that questions remain regarding the safety of reuse 
and whether it leads to costs savings notwithstanding88.

Beyond segregation and recycling, machines now 
exist that can steam, microwave or chemically sterilize 
then shred hazardous waste at the point of care. The end 
product can be disposed of as general waste at reduced 
cost or, more importantly, can be recycled. In Australia, 
an ongoing trial is examining the utility of adding 
shredded, sterilized waste plastic from haemodialysis 
procedures into concrete. Preliminary results suggest 
that adding this plastic may reduce water penetration 
and therefore corrosion of the concrete, improving the 
long- term quality and durability of the final product89,90.

The implications of such projects are potentially 
far- reaching, not only for waste management in dialy-
sis but also in the broader health- care sector. However, 
attempts to control or manage waste after it has been 

generated will, at best, only partially address environ-
mental impacts. A need exists for the design and produc-
tion of eco- friendly dialysis disposables. These should 
have minimal packaging, be made from non- toxic, 
sustainably produced or recycled materials and be able 
to be reused, recycled or to biodegrade at the end of 
life. Greater focus on the issue of waste by the medical 
community has the potential to drive industry to pro-
duce such products. Such efforts will be aided in some 
regions by broader government directives, for example, 
the EU has mandated that all plastic packaging in the 
EU market must be either reusable or easily recycled in 
a cost- effective manner by 2030 (ref.91). Incentives have 
also been provided for producers to take environmental 
considerations into account, from the design phase to 
the end of life of their products91.

Carbon accounting for pharmaceuticals and devices. At 
the simplest level, clinicians can contribute to reducing 
pharmaceutical and device emissions by avoiding unnec-
essary interventions, use of diagnostic tests and prescrip-
tion of medications. However, a need also exists for 
reliable information on the life cycle impact of individ-
ual drugs and devices. In 2012, the UK National Health 
Service (NHS) Sustainable Development Unit, together 
with pharmaceutical and medical device industries, 
developed an internationally applicable guideline to aid 
in consistent greenhouse gas accounting and reporting 
for pharmaceuticals and medical devices53. The aim of  
this document is to provide industry with a means  
of identifying emission ‘hot- spots’ and thereby focusing 
their efforts on reducing greenhouse gas emissions.

At the local level, the widespread inclusion of sus-
tainability criteria into procurement contracts would 
provide incentive for industry groups to use this guid-
ance. Such criteria would also be a powerful means of 
stimulating improvement activities among industry 
competitors.

Moving beyond carbon emissions, life cycle assess-
ments are required to identify the broader environ-
mental impacts of pharmaceuticals and devices  
(e.g. pollution and resource depletion). A need also 
exists to move from ‘cradle to grave’ evaluations, which 
consider the impact of products from creation to dis-
posal, to a ‘cradle to cradle’ approach, which ensures 

Table 1 | Cumulative savings from UK green Innovations98

Type of innovation Initiatives undertaken by individual 
kidney care facilities

environmental and financial savings potential financial savings 
to the UK health system

Infrastructure 
projects

Reverse osmosis reject water reuse; 
installation of baling machines for plastic 
and cardboard recycling; lighting upgrades; 
central delivery of acid for haemodialysis; 
retrofitting of heat exchangers to dialysis 
machines; upgrade to water treatment plant

The six projects had capital investment costs 
of £121,000, but generated annual savings of 
£57 ,000, 84 tonnes of greenhouse gases and 
12 million litres of water

Estimated savings of  
£7 million (US$10.64 million), 
11,000 tonnes of greenhouse 
gases and ~470 million litres 
of water if infrastructure 
innovations were replicated 
by 30% and process 
innovations by 60% of UK 
kidney care units; model- 
of-care estimates were not 
included in the total savings 
projections

Process innovations Paperless laboratory reporting; waste 
reductions in food, linen and dialysis 
consumables; improved waste segregation

No investment costs were incurred; annual 
savings of £186,000 and 183 tonnes of 
greenhouse gases

Model of care 
innovations

Improved use of telecommunications Financial savings were not quantified owing 
to the complexity , but savings of 6 tonnes 
of greenhouse gases were estimated from 
three specific projects in their pilot phase

www.nature.com/nrneph

R e v i e w s



that the waste from one product or system becomes the 
building block of another. This approach is particularly 
important for dialysis machines and other equipment, 
which should be designed to ensure that component 
parts can be recycled and reused, ideally perpetually, 
rather than discarded at the end of life.

Peritoneal dialysis
Many of the potential approaches for improvements 
in haemodialysis energy, waste, pharmaceutical and 
device management discussed above also apply to PD. 
A particular need exists for more eco- friendly packaging 
materials in PD given the high volume of plastic used to 
package dialysate.

An additional area of impact for PD relates to the 
transport of dialysate from the point of manufacture 
to the point of care. Although the environmental bur-
den this transport imposes remains to be quantified, 
a potential solution — namely, point- of-care dialysate 
generation — has been identified92. The Ellen Medical 
Affordable Dialysis System is a PD- based system 
that includes a miniature distiller that, similar to the 
Slingshot, is capable of producing pure water from any 

source93. This water can then be combined with con-
centrate to produce dialysate, circumventing the carbon 
impact and cost of transporting thousands of litres of 
dialysate across and between countries to each patient 
annually. In addition, the distiller is highly efficient; thus, 
water wastage from the purification process is minimal; 
approximately 10% in hard- water areas and as low as 
2–5% in soft- water areas. The system runs off solar 
power, is light and portable and can be manufactured 
and sold for less than Australian $1,000.

The Ellen Medical Affordable Dialysis System was 
originally designed to address the problem of the many 
millions of people worldwide who need but cannot afford 
dialysis. However, this system also has the potential to 
substantially lower the environmental footprint of PD 
if used as an alternative to currently available systems. 
The design prototype for the Ellen Medical Affordable 
Dialysis System is currently being finalized, with clini-
cal trials anticipated by 2020 (J. Knight, Director, Ellen 
Medical, Sydney, Australia, personal communication). 
Importantly, the designer of the system has also devel-
oped detailed plans for how this technology could be used 
for affordable, less resource-intensive haemodialysis94.

Transplantation
To our knowledge, no published data are available on 
the environmental impact of kidney transplantation. 
However, it is reasonable to assume that this impact 
largely arises from the resource usage that is associated 
with the initial surgical procedure and the long- term 
administration of immunosuppressant medications. In 
economic studies, kidney transplantation is initially more 
financially costly than dialysis, but this situation reverses 
within years95,96. The same pattern would be expected for 
the environmental costs of transplantation. Increasing 
rates of kidney transplantation might therefore be a 
potential strategy to reduce the environmental impact 
of end- stage kidney disease care, but future studies are 
needed to confirm this hypothesis.

Green nephrology initiatives
As discussed above, a limited number of individual dialy-
sis services have taken important steps towards monitor-
ing and improving the environmental profile of dialysis 
delivery. More broadly, in 2009, a Green Nephrology 
network was established in the UK within the NHS 
Sustainable Healthcare Programme97. Involving clini-
cians, renal technicians, industry partners and patients, 
this initiative was responsible for a marked practice 
and culture change across the whole UK dialysis spec-
trum over an impressively short 3–4-year time frame. 
The Green Nephrology group has estimated potential 
annual savings to the UK health- care system of £7 mil-
lion (US$10.64 million), 11,000 t CO2-eq of greenhouse 
gases and ~470 million litres of water from ‘green’ inno-
vations98 (Table 1) . The success of this programme makes 
it an exemplar for others to follow.

In 2018, the European Renal Association- European 
Dialysis and Transplant Association committed to a 
broad range of initiatives aimed at ‘greening’ the kidney 
care sector99. The Australian and New Zealand Society of 
Nephrology has developed a position statement on green 

Box 1 | green initiatives that can be undertaken in dialysis facilities

low- or no- cost initiatives 
•	Identify	‘green	champions’	or	establish	a	‘green	team’	within	the	facility

•	Include	environmental	sustainability	as	a	standing	agenda	item	for	departmental	
meetings

•	Incorporate	‘green’	education	into	departmental	meetings

•	Encourage	staff	to	turn	off	lights	when	not	in	use

•	Ensure	that	computers	and	photocopiers	are	auto-	configured	to	enter	hibernation,	
sleep	or	standby	mode	when	not	in	use

•	Encourage	staff	to	log	off	and	switch	off	computers	when	not	in	use

•	Ensure	that	thermostats	are	set	at	appropriate	temperatures

•	Ensure	that	heating	and	cooling	are	turned	off	when	the	unit	is	not	in	use

•	Ensure	that	general	and	hazardous	waste	and	recycling	bins	are	available	and	
appropriately	sited	and	signed

•	Incorporate	waste	education	in	staff	induction	and	ongoing	education	programmes

•	Explore	local	recycling	opportunities	(for	instance,	polyvinyl	chloride	or	single-	use	
metal	instruments	recycling)

•	Request	that	dialysis	product	suppliers	retrieve	pallets,	cardboard	boxes	and	other	
packaging	on	delivery

•	Explore	opportunities	to	introduce	or	raise	the	weighting	of	environmental	criteria	in	
procurement	contracts

•	Discourage,	monitor	and/or	restrict	printing	and	photocopying

•	Set	printers	and	photocopiers	to	double-	sided	printing

•	Explore	opportunities	for	electronic	record	keeping	and	communications

•	Promote	the	health	benefits	of	active	transport	to	patients	and	staff

•	Provide	incentives	to	those	engaging	in	active	transport	(e.g.	‘ride-	to-work’	breakfasts)

•	Investigate	and	encourage	shared	transport	options

•	Explore	opportunities	to	expand	the	use	of	telehealth

Initiatives involving an initial capital outlay
•	Explore	opportunities	for	renewable	energy	generation

•	Explore	the	feasibility	of	recovering	and	reusing	reverse	osmosis	reject	water

•	Investigate	the	installation	of	water-	saving	taps	and	toilets

•	Upgrade	lighting	to	low-	energy	light	bulbs

•	Install	motion	sensors	to	control	lighting	in	low-	traffic	areas
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nephrology, funded environmental research prizes and 
upgraded an existing ‘Green Dialysis’ website (https://
www.greendialysis.org) to provide practical information 
for those wishing to implement changes in their own 
facilities. In Brazil, a ‘call to action’ has been made by the 
national kidney society to the nephrology community100.

Future strategies
In May 2019, the UN released a Global Assessment 
Report touted as the most comprehensive study of life 
on Earth ever undertaken101. This report issued a stark 
warning: “The health of the ecosystems on which we and 
other species depend is deteriorating more rapidly than 
ever. We are eroding the very foundations of economies, 
livelihoods, food security, health and quality of life world-
wide”101. It made clear that although remediation is pos-
sible, this will require urgent, transformative change at 
every level from local to global8,101. In this context, we can 
no longer leave it up the next person, company, nation 
or generation to address the current ecological crisis; we 
must all act now. Within health care, the specialities with 
the greatest environmental impact should lead efforts  
to reduce the environmental impact. As dialysis seems to 
have one of the largest footprints of all, the nephrology 
community has a duty of care to develop comprehensive 
and innovative environmental programmes.

At the level of dialysis facilities, baseline auditing of 
water and energy usage and waste production should 
be a first priority. These data would assist in prioritiz-
ing subsequent environmental initiatives and provide a 
baseline against which to monitor progress. Moreover, 
many simple, low- cost ‘green’ measures can be imple-
mented immediately (box 1). The next step is to con-
sider larger environmental projects such as RO water 
recycling or renewable energy generation, which have 
the potential to provide both environmental and finan-
cial benefits. A need also exists for broader surveying 
of environmental attitudes, knowledge and practice pat-
terns across world regions, as has previously occurred 
in the UK and Australia102,103. Environmentally themed 
research should also be promoted and supported (box 2).

Efforts must also move beyond reducing resource 
use and waste minimization. Although important, these 
actions alone will be insufficient to address the most 
carbon- intensive areas of health care. A need exists to 
identify and avoid unnecessary or wasteful interventions 
and develop and adopt more innovative models of care 
such as telehealth. This work could be undertaken by 
individual kidney care services and/or by national and 
regional societies.

Finally, an urgent need exists to advance preventive 
and primary care programmes. The prevalence of kid-
ney diseases is increasing exponentially owing to popu-
lation ageing and rising rates of diabetes, hypertension 
and obesity104,105. The most rapid increases are occurring 
in some of the poorest parts of the world, where limited 
or no treatment options exist. To mitigate the poten-
tially devastating human, economic and environmental 
costs, addressing risk factors for kidney disease must be 
a priority.

Importantly, many climate change mitigation strate-
gies have the potential to lead to improved health out-
comes11. Climate change should therefore be considered 
not only a threat to health, but also an opportunity for 
health improvement. For example, investment aimed 
at shifting society away from car travel and towards 
active transport (e.g. walking or cycling) would not only 
reduce the substantial carbon emissions arising from 
the transport industry, but also the levels of air pollu-
tion and physical inactivity, which are both important 
risk factors for a broad range of chronic diseases includ-
ing kidney diseases106–109. Similarly, initiatives that pro-
mote the adoption of more sustainable eating practices 
(namely, reduced consumption of animal products and 
increased consumption of vegetables, fruits, legumes, 
whole grains and nuts) would reduce the 30% of global 
emissions that is associated with agriculture, while at the  
same time reducing saturated fat intake and thereby  
the risks of obesity, diabetes, heart disease, nephrolithia-
sis and some cancers110–112. Moreover, evidence suggests 
that a balanced reduction in protein intake might slow 
CKD progression in patients with pre- existing kidney 
disease113. By promoting and supporting these no- regret 
options, the nephrology community could simultane-
ously accelerate progress to tackle climate change and 
drive improvements in kidney health.

Conclusions
Although environmental issues may seem like a distant 
concern from within busy dialysis facilities, the health 
and wellbeing of ourselves and our patients is fundamen-
tally dependent on the health of the planet. Protection 
of the environment can no longer be seen as an optional 
extra once the more pressing concern of patient care has 
been dealt with. We hope that this Review will lead indi-
viduals, dialysis facilities and professional organizations 
to consider the steps they might take to enact change. 
By so doing, they will be contributing not only to the 
long- term sustainability of health- care systems but also 
to environmental health and therefore the health and 
wellbeing of current and future generations.
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Box 2 | priorities for future green nephrology research

•	Evaluate	the	impact	of	reduced	dialysate	flow	rates	on	longer-	term	clinical	outcomes

•	Explore	the	potential	for	solar	energy	systems	to	offset	the	energy	usage	and	costs	
of dialysis

•	Develop	and	test	new	water	treatment	technologies	for	haemodialysis

•	Evaluate	the	weight	and	types	of	waste	generated	from	different	haemodialysis	
machines	and	consumables	sets

•	Evaluate	the	weight	and	types	of	waste	generated	from	different	peritoneal	dialysis	
systems	and	consumables	sets

•	Investigate	new	packaging	materials	and	design	(for	example,	bio-	based	or	
compostable	plastics	or	plastics	with	superior	recyclability)

•	Investigate	opportunities	for	on-	use	of	sterilized	mixed	dialysis	waste	plastic

•	Compare	the	carbon	footprint	of	home-	versus	facility-	based	haemodialysis

•	Evaluate	the	carbon	footprint	of	peritoneal	dialysis	with	the	different	peritoneal	
dialysis	modalities	and	treatment	regimens

•	Evaluate	the	carbon	footprint	of	transplantation,	with	a	particular	focus	on	the	life	
cycle	impact	of	immunosuppressant	medications

•	Investigate	the	utility	of	telemedicine	for	patient	consultations

www.nature.com/nrneph

R e v i e w s



1. Roser, M. et al. Life expectancy. Our World in Data. 
https://ourworldindata.org/life- expectancy (2013).

2. Roser, M. et al. Child and infant mortality. Our World 
in Data. https://ourworldindata.org/child- 
mortality#global- decline-of- child-mortality (2013).

3. Roser, M. & Ritchie, H. Maternal mortality. Our World 
in Data. https://ourworldindata.org/maternal- mortality 
(2020).

4. Roser, M., & Ritchie, H. Burden of disease. Our World 
in Data. https://ourworldindata.org/burden- of-disease 
(2020).

5. Roser, M. & Ortiz- Ospina, E. Global extreme poverty. 
https://ourworldindata.org/extreme- poverty (2013).

6. Scholes, R. et al. The assessment report on land 
degradation and restoration: summary for policymakers. 
Intergovernmental Panel on Biodiversity and Ecosystem 
Services. https://ipbes.net/sites/default/files/spm_3bi_
ldr_digital.pdf (2018).

7. Foley, J. A., Monfreda, C., Ramankutty, N. & Zaks, D. 
Our share of the planetary pie. Proc. Natl Acad.  
Sci. USA 104, 12585–12586 (2007).

8. Intergovernmental Panel on Biodiversity and 
Ecosystem Services. Summary for policymakers  
of the global assessment report on biodiversity and 
ecosystem services. https://www.ipbes.net/system/tdf/
spm_unedited_advance_for_posting_htn.
pdf?file=1&type=node&id=35275 (2019).

9. Jambeck, J. R. et al. Marine plastic. Plastic waste 
inputs from land into the ocean. Science 347, 
768–771 (2015).

10. Costello, A. et al. Managing the health effects of 
climate change. Lancet 373, 1693–1733 (2009).

11. Watts, N. et al. Health and climate change: policy 
responses to protect public health. Lancet 386, 
1861–1914 (2015).

12. The Board of the Millenium Ecosystem Assessment. 
Living beyond our means: natural assets and human 
well- being. Summary for policy makers. https://wriorg.
s3.amazonaws.com/s3fs- public/pdf/ma_board_final_
statement.pdf?_ga=2.182554598.1541968820. 
1560082215-757632405.1556766277 (2005).

13. Eckelman, M. J. & Sherman, J. Environmental impacts 
of the U.S. health care system and effects on public 
health. Ahmad S, ed. PLoS One 11, e.0157014 
(2016).

14. Malik, A. et al. The carbon footprint of Australian 
health care. Lancet Planet. Health 2, e27–e35 (2018).

15. Sustainable Development Unit. Carbon footprint 
update for the NHS in England 2015. https:// 
www.sduhealth.org.uk/policy- strategy/reporting/ 
nhs- carbon-footprint.aspx (2016).

16. Lim, A. E. K., Perkins, A. & Agar, J. W. M. The carbon 
footprint of an Australian satellite haemodialysis unit. 
Aust. Health Rev. 37, 369–374 (2013).

17. Connor, A., Lillywhite, R. & Cooke, M. W. The carbon 
footprints of home and in- center maintenance 
hemodialysis in the United Kingdom. Hemodial. Int. 
15, 39–51 (2011).

18. Brown, L. H., Buettner, P. G. & Canyon, D. V. The 
energy burden and environmental impact of health 
services. Am. J. Public Health 102, e76–e82 (2012).

19. World Health Organsiation. Climate change and 
human health. https://www.who.int/globalchange/
global- campaign/cop21/en/ (2019).

20. Barraclough, K. A. et al. Climate change and kidney 
diseases- threats and opportunities. Kidney Int. 92, 
526–530 (2017).

21. Barraclough, K. A., Holt, S. G. & Agar, J. W. Climate 
change and us: what nephrologists should know. 
Nephrology 20, 760–764 (2015).

22. Hansen, A. L. et al. The effect of heat waves on 
hospital admissions for renal disease in a temperate 
city of Australia. Int. J. Epidemiol. 37, 1359–1365 
(2008).

23. Knowlton, K. et al. The 2006 California heat wave: 
impacts on hospitalizations and emergency department 
visits. Env. Health Perspect. 117, 61–67 (2009).

24. Semenza, J. C. et al. Excess hospital admissions 
during the July 1995 heatwave in Chicago. Am. J. 
Prev. Med. 16, 269–277 (1999).

25. Kovats, R. S. & Ebi, K. L. Heatwaves and public health 
in Europe. Eur. J. Public Health 16, 592–599 (2006).

26. Borg, M. et al. The impact of daily temperature  
on renal disease incidence: an ecological study.  
Env. Health 16, 114 (2017).

27. Kovats, R. S., Hajat, S. & Wilkonson, P. Contrasting 
patterns of mortality and hospital admissions during 
hot weather and heat waves in greater London, UK. 
Occup. Env. Med. 61, 893–898 (2006).

28. Conti, S. et al. General and specific mortality among 
the elderly during the 2003 heat wave in Genoa (Italy). 
Environ. Res. 103, 267–274 (2007).

29. Fakheri, R. J. & Goldfarb, D. S. Association of 
nephrolithiasis prevalence rates with ambient 
temperature in the United States: a re- analysis.  
Kidney Int. 76, 798 (2009).

30. Brikowski, T. H., Lotan, Y. & Pearle, M. S. Climate- 
related increase in the prevalence of urolithiasis in  
the United States. Proc. Natl Acad. Sci. USA 105, 
9841–9846 (2008).

31. Ramirez- Rubio, O., McClean, M. D., Amador, J. J. 
& Brooks, D. R. An epidemic of chronic kidney 
diseases in Central America: an overview. J. Epidemiol. 
Community Health 67, 1–3 (2013).

32. Glaser, J. et al. Climate change and the emergent 
epidemic of CKD from heat stress in rural communities: 
the case for heat stress nephropathy. Clin. J. Am. Soc. 
Nephrol. 11, 1472–1483 (2016).

33. Sorensen, C. & Garcia- Trabanino, R. A new era of 
climate medience: addressing heat triggerred renal 
disease. N. Engl. J. Med. 381, 693–696 (2019).

34. Dwyer, O. CDC will explore kidney failure epidemic 
among agricultural workers. Br. Med. J. 348, g3385 
(2014).

35. Xu, X., Nie, S., Ding, H. & Hou, F. F. Environmental 
pollution and kidney diseases. Nat. Rev. Nephrol. 14, 
313–324 (2018).

36. Intergovernmental Panel on Climate Change. Climate 
Change 2014: Synthesis Report. https://www.ipcc.ch/
pdf/assessment- report/ar5/syr/SYR_AR5_FINAL_full_
wcover.pdf (2014).

37. Jha, V. & Parameswaran, S. Community- acquired 
acute kidney injury in tropical countries. Nat. Rev. 
Nephrol. 9, 278–290 (2013).

38. Fresenius Medical Care. Care and live. Annual report 
2018. https://www.freseniusmedicalcare.com/
fileadmin/data/com/pdf/Media_Center/Publications/
Annual_Reports/FME_Annual- Report_2018.pdf (2018)

39. Fresenius Medical Care. Outlook. https://www.
freseniusmedicalcare.com/en/investors/at- a-glance/
outlook/ (2019).

40. Agar, J. W. M. Green dialysis: the environmental 
challenges ahead. Semin. Dial. 28, 186–192 (2015).

41. Damasiewicz, M. J., Polkinhorne, K. R. & Kerr, P. G. 
Water quality in conventional and home haemodialysis. 
Nat. Rev. Nephrol. 8, 725–734 (2012).

42. Tarrass, F. et al. Water conservation: an emerging but 
vital issue in hemodialysis therapy. Blood Purif. 30, 
181–185 (2010).

43. BCS BioClinical Services. Baxter GAMBRO Water 
purification units. https://www.bioclinicalservices.com.
au/baxter/gambro- water-purification- units [online]. 
Accessed 2019.

44. Agar, J. W. M., Perkins, A. & Tjipto, A. Solar- assisted 
hemodialysis. Clin. J. Am. Soc. Nephrol. 7, 310–314 
(2012).

45. World Energy Council: Energy efficiency indicators. 
https://wec- indicators.enerdata.net/household- 
electricity-use.html 2019.

46. Environment Victoria. The problem with landfill. 
https://environmentvictoria.org.au/resource/
problem-landfill/ (2013).

47. United States Environmental Protection Agency. 
Greenhous gas emissions. understanding global 
warming potentials. https://www.epa.gov/ghgemissions/
understanding- global-warming- potentials (2017).

48. Organisation for Economic Co- operation and 
Development. Improving plastics management: 
trends, policy responses, and the role of international 
co-operation and trade. http://www.oecd.org/
environment/waste/policy- highlights-improving- 
plastics-management.pdf (2018).

49. Hoenich, N. A., Levin, R. & Pearce, C. Clinical waste 
generation from renal units: implications and 
solutions. Semin. Dial. 18, 396–400 (2005).

50. Piccoli, G. B. et al. Eco- dialysis: the financial and 
ecological costs of dialysis waste products: is a 
“cradle-to-cradle” model feasible for planet- friendly 
haemodialysis waste management? Nephrol. Dial. 
Transplant. 30, 1018–1027 (2015).

51. Gao, T., Liu, Q. & Wang, J. A comparative study of 
carbon footprint and assessment standards. Int. J. 
Low- Carbon Technol. 9, 237–243 (2014).

52. The World Bank. CO2 emissions (metric tons per 
capita). https://data.worldbank.org/indicator/ 
en.atm.co2e.pc?view=map (2019).

53. Sustainable Development Unit. International 
pharmaceutical and medical device guidelines. https://
www.sduhealth.org.uk/areas- of-focus/carbon- hotspots/
pharmaceuticals.aspx (2012).

54. McAlister, S. et al. The Environmental footprint of 
morphine: a life cycle assessment from opium poppy 
farming to the packaged drug. BMJ Open 6, e013302 
(2016).

55. Responsible Water Scientists. The water footprint of 
plastics. https://responsiblewaterscientists.wordpress.
com/2017/06/16/the- water-footprint- of-plastics/ 
(2017).

56. Chen, M. et al. The carbon footprints of home and in- 
center peritoneal dialysis in China. Int. Urol. Nephrol. 
49, 337–343 (2017).

57. Agar, J. W. M. Conserving water in and applying solar 
power to haemodialysis: “green dialysis” through wiser 
resource utilization. Nephrology 15, 448–453 
(2010).

58. Agar, J. W. M. Reusing and recycling dialysis reverse 
osmosis system reject water. Kidney Int. 88, 653–657 
(2015).

59. Connor, A. et al. Toward greener dialysis: a case study 
to illustrate and encourage the salvage of reject water. 
J. Ren. Care 36, 68–72 (2010).

60. Agar, J. W. M. et al. Using water wisely: new, 
affordable, and essential water conservation practices 
for facility and home hemodialysis. Hemodial. Int. 13, 
32–37 (2009).

61. Ponson, L., Arkouche, W. & Laville, M. Toward green 
dialysis: focus on water savings. Hemodial. Int. 18, 
7–14 (2014).

62. North West Dialysis Service (Melbourne Health). 
Handbook for reusing or recycling reverse osmosis 
reject water from haemodialysis in healthcare facilities. 
https://waterportal.com.au/swf/images/swf- files/62r-
2056-handbook.pdf (2010).

63. Grimsrud, L. & Babb, A. L. Optimization of dialyzer 
design for the hemodialysis system. Trans. Am. Soc. 
Artif. Intern. Organs 10, 101–106 (1964).

64. Leypoldt, J. K. & Cheung, A. K. Increases in mass 
transfer- area coefficients and urea Kt/V with increasing 
dialysate flow rate are greater for high- flux dialyzers. 
Am. J. Kidney Dis. 38, 575–579 (2001).

65. Kim, J. C. et al. Effect of fiber structure on dialysate 
flow profile and hollow- fiber hemodialyzer reliability: 
CT perfusion study. Int. J. Artif. Organs 31, 944–950 
(2008).

66. Yamamoto, K. et al. Computational evaluation of 
dialysis fluid flow in dialyzers with variously designed 
jackets. Artif. Organs 33, 481–486 (2008).

67. Hirano, A. et al. Evaluation of dialyzer jacket structure 
and hollow- fiber dialysis membranes to achieve high 
dialysis performance. Ther. Apher. Dial. 15, 66–74 
(2011).

68. Hirano, A. et al. Experimental evaluation of flow and 
dialysis performance of hollow- fiber dialyzers with 
different packing densities. J. Artif. Organs 15, 
168–175 (2012).

69. Ronco, C. et al. Blood and dialysate flow distributions 
in hollow- fiber hemodialyzers analyzed by 
computerized helical scanning technique. J. Am. Soc. 
Nephrol. 13, S53–S61 (2002).

70. Ronco, C. et al. Dialysate flow distribution in hollow 
fiber hemodialyzers with different dialysate pathway 
configurations. Int. J. Artif. Organs 23, 601–609 
(2000).

71. Albalate, M. et al. Is it useful to increase dialysate flow 
rate to improve the delivered Kt? BMC Nephrol. 16, 
20 (2015).

72. Molano- Triviño, A. et al. Effects of decreasing dialysis 
fluid flow rate on dialysis efficacy and interdialytic 
weight gain in chronic hemodialysis - FLUGAIN Study. 
Nephrol. Dial. Transplant. 33, i514–i515 (2018).

73. Alayoud, A. et al. A model to predict optimal dialysate 
flow. Ther. Apher. Dial. 16, 152–158 (2012).

74. Kashiwagi, T. et al. Effects of reduced dialysis fluid flow 
in hemodialysis. J. Nippon Med. Sch. 80, 119–130 
(2013).

75. Molano- Triviño, A., et al. Long term outcomes of 
lowering dialysate flow (Qd) in a population of chronic 
haemodialsysis patients in RTS Colombia. Abstract 
number WCN19-0387 (presented at the World 
Congress of Nephrology 2019, Melbourne, Australia).

76. Tarrass, F., Benjelloun, M. & Benjelloun, O. Recycling 
wastewater after hemodialysis: an environmental 
analysis for alternative water sources in arid regions. 
Am. J. Kidney Dis. 52, 154–158 (2008).

77. International Institute for Applied Systems Analysis. 
Water futures and solution fast track initiative - final 
report. http://pure.iiasa.ac.at/id/eprint/13008/1/
WP-16-006.pdf (2016).

78. Renewable Energy Policy Network for the 21st Century. 
Renewables 2018: global status report. http://www.
ren21.net/wp- content/uploads/2018/06/17-8652_
GSR2018_FullReport_web_-1.pdf (2018)

79. World Economic Forum. The cost of generating 
renewable energy has fallen - a lot. https://www.
weforum.org/agenda/2019/05/this- is-how- 
much-renewable- energy-prices- have-fallen/ (2019).

Nature reviews | Nephrology

R e v i e w s



80. Deka. Tackling the giant goliath of bad water. http://
www.dekaresearch.com/slingshot-2/ (2017).

81. Agar, J. W. Review: understanding sorbent dialysis 
systems. Nephrology 15, 406–411 (2010).

82. Ash, S. R. Sorbents in treatment of uremia: a short 
history and a great future. Semin. Dial. 22, 615–622 
(2009).

83. Salani, M., Roy, S. & Fissell, W. H. Innovations in 
wearable and implantable artificial kidneys. Am. J. 
Kidney Dis. 72, 745–751 (2018).

84. Gura, V. et al. A wearable artificial kidney for patients 
with end- stage renal disease. JCI Insight. 72, 
745–751 (2016).

85. Australian Government Department of Energy and 
Environment. Ecological risk assessment of dioxins 
in Australia. https://www.environment.gov.au/
protection/publications/dioxins- technical-report-11 
(2014).

86. World Health Organisation. Dioxins and their effects 
on human health. http://www.who.int/mediacentre/
factsheets/fs225/en/ (2016).

87. Vinyl Council of Australia. PVC recycling in hospitals. 
https://www.vinyl.org.au/pvc- recycling-in- hospitals 
(2018).

88. Upadhyay, A., Sosa, M. & Jaber, B. L. Single- use 
versus reusable dialyzers: the known unknowns.  
Clin. J. Am. Soc. Nephrol. 2, 1079–1086 (2007).

89. Engineers Australia. Win- win as dialysis waste 
reinforces concrete. https://www.engineersaustralia.
org.au/News/win- win-dialysis- waste-reinforces- 
concrete. (2017).

90. Create Digital. This innovative concrete recipe doubles 
as a way to recycle medical waste. https://www.
createdigitalmagazine.org.au/concrete- 
doubles-recycle- medical-waste/ (2018).

91. European Parliament. Circular economy package. Four 
legislative proposals on waste. http://www.europarl.
europa.eu/EPRS/EPRS- Briefing-573936-Circular- 
economy-package- FINAL.pdf (2016).

92. Knight, J. & Perkovic, V. The affordable dialysis prize 
steams ahead. Lancet 387, 1040 (2016).

93. Ellen Medical Devices. The world’s first affordable 
dialysis. https://www.ellenmedical.com (2018).

94. The George Institute for Global Health. World’s first 
low cost dialysis unveiled. https://www.dialysisprize.org 
(2015).

95. Jarl, J. et al. Do kidney transplantations save money? 
A study using a before–after design and multiple 
register- based data from Sweden. Clin. Kidney J. 11, 
283–288 (2018).

96. Voelker, R. Cost of Transplant vs dialysis. JAMA 281, 
2277 (1999).

97. Centre for Sustainable Healthcare. Kidney Care. 
https://sustainablehealthcare.org.uk/what- we-do/
sustainable- specialties/kidney- care (2013).

98. Limb, M. NHS could save 1bn by adopting green 
strategies used in kidney units. Br. Med. J. 346, 
f588–f588 (2013).

99. Blankestijn, P. J. et al. ERA- EDTA invests in 
transformation to greener health care. Nephrol. Dial. 
Transplant. 33, 901–903 (2018).

100. Mouro Neto, J. A., Barraclough, K. A. & Agar, J. W. M. 
A call to action for sustainability in dialysis in Brazil.  
J. Bras. Nephrol. https://doi.org/10.1590/2175-8239-
JBN-2019-0014 (2019).

101. Intergovernmental Panel on Biodiversity and 
Ecosystem Services. Media release: nature’s 
dangerous decline ‘unprecedented’; species extinction 
rates ‘accelerating.’ https://www.ipbes.net/news/Media- 
Release-Global- Assessment (2019).

102. Connor, A. & Mortimer, F. The green nephrology 
survey of sustainability in renal units in England, 
Scotland and Wales. J. Ren. Care 36, 153–160 
(2010).

103. Barraclough, K. A. et al. Green dialysis survey: 
establishing a baseline for environmental 
sustainability across dialysis facilities in Victoria, 
Australia. Nephrology 24, 88–93 (2019).

104. Liyanage, T. et al. Worldwide access to treatment for 
end- stage kidney diseases: a systematic review. Lancet 
385, 1975–1982 (2015).

105. King, H., Aubert, R. E. & Herman, W. H. Global burden 
of diabetes, 1995–2025: prevalence, numerical 
estimates, and projections. Diabetes Care 21, 
1414–1431 (1998).

106. World Health Organisation. Health co- benefits of 
climate change mitigation – transport sector http://
extranet.who.int/iris/restricted/bitstream/10665/ 
70913/1/9789241502917_eng.pdf?ua=1 (2011).

107. World Health Organisation. Global health risks: 
mortality and burden of disease attributable to 
selected major risks. http://www.who.int/healthinfo/

global_burden_disease/GlobalHealthRisks_report_full.
pdf (2009).

108. Zelle, D. M. et al. Physical inactivity: a risk factor and 
target for intervention in renal care. Nat. Rev. Nephrol. 
13, 152–168 (2017).

109. Hallan, S. et al. Obesity, smoking, and physical 
inactivity as risk factors for CKD: are men more 
vulnerable? Am. J. Kidney Dis. 47, 396–405 (2006).

110. Friel, S. et al. Public health benefits of strategies to 
reduce greenhouse- gas emissions: food and 
agriculture. Lancet 374, 2016–2025 (2009).

111. Aston, L. M., Smith, J. N. & Powles, J. W. Impact of a 
reduced red and processed meat dietary pattern on 
disease risks and greenhouse gas emissions in the UK: 
a modelling study. BMJ Open. https://doi.org/10.1136/ 
bmjopen-2012-001072 (2012).

112. Willet, W. et al. Food in the Anthropocene: the  
EAT- Lancet Commission on healthy diets from 
sustainable food systems. Lancet 393, 447–492 
(2019).

113. Piccoli, G. B. et al. Low protein diets in patients with 
chronic kidney disease: a bridge between mainstream 
and complementary- alternative medicines? BMC 
Nephrol. 17, 76 (2016).

Author contributions
K.B. researched the data for the article and wrote the manu-
script. J.A. reviewed and/or edited the manuscript before 
submission.

Competing Interests
K.B. has received research grants from Fresenius Medical 
Care and Baxter Healthcare. J.A. has received research 
grants from Fresenius Medical Care and sits on the Medical 
Advisory Board for Quanta Dialysis Technologies.

Peer review information
Nature Reviews Nephrology thanks Melissa Bilec, Peter 
Blankestijn, Giorgina Piccoli and John Stoves for their 
contribution to the peer review of this work.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional 
claims in published maps and institutional affiliations.
 
© Crown 2020

www.nature.com/nrneph

R e v i e w s


