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Abstract
Climate change is upon us, and it will have a major effect on both kidney disease and the nephrology
practice. But the converse is also true: our treatment of kidney disease has an effect on the climate. Much
attention has focused on how rising temperatures can lead to acute and CKD and health exacerbations in
patients with established kidney disease. Climate change is also associated with rising air pollution from
wildfires and industrial wastes and infectious diseases associated with flooding and changing habitats, all of
which heighten the risk of acute and CKD. Less well recognized or understood are the ways nephrology
practices, in turn, contribute to still more climate change. Hemodialysis, although lifesaving, can be associated
with marked water usage (up to 600 L per dialysis session), energy usage (with one 4-hour session averaging
as much as one fifth of the total energy consumed by a household per day), and large clinical wastes (with
hemodialysis accounting for one third of total clinical medicine–associated waste). Of note,.90% of dialysis
occurs in highly affluent countries, whereas dialysis is much less available in the poorer countries where
climate change is having the highest effect on kidney disease. We conclude that not only do nephrologists
need to prepare for the rise in climate-associated kidney disease, they must also urgently develop more
climate-friendly methods of managing patients with kidney disease.
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Introduction
Nephrologists must be aware that, although climate
change is leading to higher rates of kidney disease,
the care and treatment of those patients itself contrib-
utes to yet more climate change. The US health care
industry accounts for 10% of the nation’s greenhouse
gas emissions, a disproportionate amount of which is
presumed to come from the care of patients with
kidney disease (1). The United States has a sizable per-
centage of the world’s patients on dialysis (785,883
prevalent patients in 2018), but only one study, by
Sehgal et al., has investigated the environmental foot-
print of US nephrology care (2,3). Addressing the
global climate crisis requires that the dialysis industry
and nephrologists in the United States follow the
example of the United Kingdom and set targets to
reduce waste, water, and energy consumption (4). In
this article, we review the effect of the climate crisis
on kidney disease, discuss the implications of climate
change for patients with CKD and kidney failure, and
report the existing evidence regarding the effect of
dialysis and nephrology services on climate.

Climate Change Causes More Kidney Disease
A growing literature shows that changing patterns

of disease, water, and extreme weather events
are linked to the development of kidney disease (5,6)
(Figure 1). Not all populations are uniformly vulnera-
ble to kidney disease. Unfortunately, the areas of the
world most exposed to kidney complications of climate

change are those least responsible for the current cli-
mate crisis. More worrisome, many of these regions
have poor access to nephrology and dialysis services
(7). Patients in the United States are no exception,
becoming more at risk of extreme weather events such
as hurricanes, floods, heat waves, and wildfires (8–11).
AKI during extreme heat waves has been shown in

geographically diverse locations over the past 30 years.
AKI was recognized as an important cause of hospitali-
zation as early as 1995 during a Chicago heat wave
(12). In 2003 in Genoa, Italy, kidney failure was found
to contribute to excess mortality among the elderly
during an unprecedented heat wave that dispropor-
tionately affected the urban and elderly populations of
Europe (13). Between 2000 and 2015, Brazil saw a
higher risk of hospitalization from kidney disease of
0.9% for every 1� Celsius increase in daily mean tem-
perature, which excessively affected the elderly (14).
Heat waves also appear to lead to a disproportionate
number of emergency department visits and hospital-
izations for AKI in California; Black Americans may be
particularly at risk (15). In total, 11% of agricultural
workers working in hot and humid conditions in the
United States will develop AKI by Kidney Disease
Improving Global Outcomes (KDIGO) criteria after a
work shift; and up to 33% of these will develop AKI on
at least one workday (16,17). These studies raise the
possibility that certain sectors of the population
exposed to increasing temperatures may have recur-
rent subclinical or unrecognized injury.
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CKD of unknown origin (CKDu) in agricultural workers
was first recognized in El Salvador in 1990. CKDu, termed
Mesoamerican nephropathy in Central America, is more
common in men and was first described in young male
sugar cane workers. It is characterized by kidney failure
with minimal to no proteinuria in the absence of other tra-
ditional risk factors, such as diabetes and hypertension.
Kidney biopsies show interstitial fibrosis, low-grade inflam-
mation, tubular atrophy with glomerulosclerosis, and evi-
dence of glomerular ischemia without overt vascular
lesions (18). El Salvador, located on the Pacific coast of Cen-
tral America, has some of the hottest regions in the Ameri-
cas, and sugar cane workers are exposed to extreme heat
while performing strenuous agricultural work. Although
the top risk factor for developing CKDu in El Salvador is
working in sugarcane, the second is working in hot temper-
atures (18,19). CKDu is the second leading cause of death
in El Salvador and nearby Nicaragua (20).
Over the past three decades, CKDu has been described in

agricultural workers in a variety of locations, including
Mexico, Sri Lanka, India, Egypt, and Tunisia (21). In Sri
Lanka, the epidemic of CKDu has occurred in the hottest
areas of the country, the Northern Province, and in mostly
male rice workers (22). In India, CKDu is affecting farmers
in hot rural areas. In Uddanam, India, known for cashew
and coconut farming, 13% of the population has CKD. In
total, 73% of patients with CKD have CKDu and most of
the patients are agricultural workers, matching the pattern
seen in Central America and Sri Lanka (23). In Lebanon,
heat exposure at work, such as that experienced by cooks
and construction workers, was associated with a three-fold
risk of dialysis among patients with kidney failure of
undetermined origin (24). The common factors in these epi-
demics of CKDu are heat exposure, strenuous exercise, and
volume depletion. On a planet with rising temperatures and
increasing water shortages, this puts an increasing portion
of the world’s population at risk of CKD and kidney failure.
Beyond AKI and CKDu, climate change and rising tem-

peratures are leading to higher rates and geographic redistri-
bution of kidney stones and infectious diseases—both of
which contribute to kidney disease (25,26). Kidney stones in

the United States are most common in the southeastern
region, but climate models predict a change in the geo-
graphic distribution of “the kidney stone belt” northward
and westward (27). Infectious diseases traditionally restricted
to specific geographic areas will spread, affecting popula-
tions with little or no immunity. Consequently, more
people will develop AKI from these infectious diseases (28)
(Figure 2).

Climate Change Affects Patients with Kidney Disease
As the number of extreme weather events increases,

nephrologists and dialysis organizations need to plan for
the provision of dialysis in the event of a natural disaster,
including surges of patients and the influx of evacuees in
neighboring centers.

During Hurricane Katrina, .5000 patients with kidney
failure lived in the affected region. Patients who evacuated
late or lived alone were much more likely to miss dialysis
sessions; missing three treatments was associated with
a risk for hospitalization (8). In a recent study, dialysis
patients in the United States were observed to have a
higher mortality in the 30 days after a storm (29). How hur-
ricanes affect patients on dialysis cannot only be measured
in mortality and missed dialysis, but also missed trans-
plants. There was a 21% decline in kidney transplant serv-
ices in the area a year after Katrina, leaving more patients
dependent on dialysis because of the storm (30).

In the current coronavirus disease 2019 pandemic, patients
on dialysis also are at risk during evacuations due to the
crowding of people in evacuation facilities. Patients with kid-
ney failure have a higher mortality from coronavirus disease
2019—approaching 25% (31)—so evacuating them to shelters
puts them at particular risk.

Heat Waves
Hospitalizations and mortality from heat waves are poten-

tially preventable. Recognizing vulnerable populations is
essential to prevention. Advanced age, lower socioeconomic
status, being non-White, and social isolation are all risk
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Figure 1. | Climate change mechanisms and their effect on the incidence and distribution of kidney disease. Created with BioRender.com.
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factors, and patients with CKD and kidney failure dispropor-
tionately reflect these risk factors. More specifically, elderly
people with CKD are at substantial risk because of impair-
ments in salt and water physiology, exacerbated by medica-
tions (32). Remigio et al. recently showed that urban patients
on dialysis in the Northeast were at a higher risk of hospitali-
zation and death during heat waves (9).

Air Pollutants
It has long been recognized that small particulate

airborne pollutants are associated with higher rates of
cardiovascular disease and a host of adverse pulmonary
outcomes, but more recently, it has been suggested that
particulate matter is associated with extra pulmonary dis-
ease and kidney disease specifically. In a cohort of US vet-
erans, exposure to PM2.5 (particles with a mass median of
aerodynamic diameter ,2.5 mm) was associated with inci-
dent CKD, progression of CKD, and kidney failure (33).
Most concerning, the risk of CKD begins well below the US
Environmental Protection Agency’s recommended level (12
mcg per m3), highlighting the need for improved air qual-
ity in the United States to protect public health. Patients on
dialysis may be particularly susceptible to air pollutants
because they are at elevated risk of cardiovascular disease.
A recent study showed higher cardiovascular and all-cause
mortality with ambient PM2.5 exposure in patients on dialy-
sis, most pronounced in the elderly (34).

Environmental Effect of Dialysis: What We Know
Kidney disease and the need for dialysis are increasing

worldwide. In 2010, an estimated 2.6 million people

worldwide received dialysis, with an additional 2.3 million
dying of kidney disease due to inadequate access. Around
93% of dialysis occurs in high- to upper-middle–income
countries, with the highest number of patients in North
America and Asia (7). Most patients receive hemodialysis,
with a smaller percentage receiving peritoneal dialysis
(PD) or transplant.
The environmental effect of dialysis alone is unknown,

but we know the health care industry is a large emitter of
greenhouse gas in the United States; because the United
States has among the highest prevalence of patients on dial-
ysis in the world, dialysis can be presumed to significantly
contribute to this (35). The environmental effect of dialysis
can be measured in three areas: water use, energy con-
sumption, and waste management. The “carbon footprint”
of dialysis can also be estimated.
Hemodialysis is an extremely water-hungry treatment.

Water quality is essential to safe hemodialysis and depends
on a sequence of purification and disinfection processes,
which discard a large amount of unused water. Reverse
osmosis (RO) machines are at the center of water treatment
procedures in hemodialysis units and are very inefficient,
often rejecting .50% of the water. This water is never in
contact with a patient and does not pose a risk, but it is
nonetheless discarded down the sewer. According to the
Environmental Protection Agency, most US citizens use
about 310 L of water a day (36), but a patient on dialysis
requires one to two times this amount for a single
treatment.
There have been successful efforts to reduce water usage

in dialysis. In one Nephrocare center in France, water con-
sumption was reduced from approximately 600 L per
hemodialysis session to 300 L per session by updating the
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Figure 2. | Relationship of climate change, infectious disease, and AKI.
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water system and decreasing the amount of rejected water
(37). A dialysis facility in the United Kingdom was able to
save 14,400 L per day of reject water by placing two RO in
sequence. The reject water was collected from the first RO
and used for the laundry room, while the second RO’s
reject water was circulated back into the first RO system
(38). But even with maximally efficient water treatment,
dialysate flows of 500 ml per hour require 120 L for a
4-hour treatment, excluding priming or rinsing volumes.
NxStage, which is widely used in the United States for
home and in-hospital dialysis, does not rely on an RO and
has lower dialysis flow rates, decreasing the obligatory
water consumption. However, this is offset by an unknown
amount of water required to prepare the prepackaged dial-
ysis fluid and plastic bags that contain it. The Nxstage
machine can be paired with a water treatment system,
Pureflow SL, which produces pure water using deioniza-
tion, thereby reducing the need to transport bags of dialy-
sate (39). Unlike water treatment using reverse osmosis,
deionization allows 100% of the source water to be used.
The high water requirements of dialysis have renewed
interest in sorbent technology, which allows dialysate efflu-
ent to be regenerated into pure water, dialysate, and
returned to the patient. With sorbent technology, the
amount of water per treatment could be reduced from 140
to,10 L (40,41).
Energy consumption in hemodialysis has been incom-

pletely studied. Energy use is dependent on both the
method (home versus in-center) and machine. Energy con-
sumption includes both the energy required to provide the
treatment and the energy needed to maintain the building
and transport patients and staff. Sehgal et al. found that
electricity accounted for 27% of emissions in US dialysis
facilities in Ohio, but the contributors to the energy use
were unidentified (3). An Australian study to evaluate the
cost-effectiveness of solar-assisted hemodialysis found
the combination of a dialysis machine and RO system to
require approximately 6 KwH per treatment (42). In com-
parison, the average household energy consumption in the
United States is around 30 kWh per day (43). NxStage
(with its lower flow rates) has a quarter of the energy
demand (44), but a full accounting would require measur-
ing the energy required to produce the dialysate and pre-
packaged dialysate bags.
Central RO units account for 60%–75% of the total

energy consumed by in-center dialysis facilities. In a 12-
and 15-chair unit in Australia, the average daily energy
consumption was 271.5 and 325.0 kWh, equivalent to
the energy required by a US household for 10 days (40).
The environmental effect of energy consumption, of course,
depends on the method of generation (e.g., coal versus
solar), which have differing effects on climate. To mitigate
the environmental effect of dialysis, facilities should
focus on powering units with renewable energy, which
promises to be both cost effective and environmentally
responsible (42).
Dialysis units generate a large amount of both hazardous

and general waste. Prepackaged dialysis supplies add to
solid waste from dialyzers, tubing, syringes, and needles.
Waste exposed to patients must be incinerated before dis-
posal, creating significant emissions. A single hemodialysis
session in the United Kingdom has been shown to generate

2.5 kg of clinical waste exposed to human tissue, of which
38% is plastic (45). Waste generated by dialysis units
accounts for an estimated 30% of clinical waste in the
United Kingdom (45).

The combined effect of water usage, energy consump-
tion, and waste generation by different forms of hemodial-
ysis can be better understood by documenting the carbon
footprint of the different modalities. With this aim, Connor
et al. measured the carbon footprint of home and in-center
hemodialysis modalities in the United Kingdom. Tradi-
tional in-center hemodialysis 33 per week had a carbon
footprint of 3.8 tons of CO2 annually, 20% of which was
energy use. The carbon footprint of home hemodialysis
using paired RO and hemodialysis machines ranged from
a high of 7.9 tons to a low of 3.9 tons, depending on the fre-
quency of the treatment. In comparison, Nxstage’s carbon
footprint ranged from 1.8 to 2.1 tons for patients receiving
five or six treatments per week. Nxstage had lower CO2

emissions attributed to energy (169 kg CO2 versus 796 kg
CO2) (46). Given its lower environmental footprint, it
may be able to be used at increased frequency before meet-
ing the “break even” environmental effect of in-center
hemodialysis.

A recent study in the United States measured the green-
house gas emissions of 15 dialysis facilities belonging to a
nonprofit dialysis organization. The largest contributors to
emissions were patient and staff travel, electricity, and nat-
ural gas. Most notable was the large variation in emissions
between facilities due to differences in transportation, natu-
ral gas, and water use (3). This study suggests that current
facilities vary widely in their environmental footprint, and
identifying best practices will help the community at large
reduce its emissions. Further studies are needed to com-
pare the carbon footprint of home and in-center hemodialy-
sis, especially in the United States where patients and staff
travel large distances by car and the public transportation
infrastructure is limited.

Although there is a scarcity of studies evaluating the
environmental effect of hemodialysis, there are even fewer
for PD. Patients on continuous ambulatory PD use on aver-
age 10 L (43 2.5 L) per treatment. Although this is the
most common method of dialysis worldwide, in the United
States, most patients on PD are on cyclers and use signifi-
cantly larger volumes than continuous ambulatory
(CAPD). How much water is used to generate both the
dialysate and its plastic bags is undocumented (but poten-
tially knowable by the pharmaceutical manufacturers). The
waste generated for CAPD has been reported at 1.7 kg per
day, which (because CAPD is performed daily) makes it
higher than that reported for hemodialysis (45). The only
study looking at the carbon footprint of PD, by Chen et al.,
found packaging consumption accounted for more than
80% of the carbon footprint (47). Although the procedures
of performing PD in China are significantly different than
in the United States, making extrapolation difficult, one
commonality is the large amount of packaging materials.
The carbon footprint of 1400 kg CO2 annually per patient
on PD in China is well below what has been measured for
hemodialysis, but there were significant differences in
methods (46–48).

We cannot be sure there is an environmental benefit to
PD. However, recent innovations in PD that reduce its
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carbon footprint include a PD system that produces pure
water for dialysate and runs on solar power and methods
to generate dialysate from tap water (49). Both of these
innovations will reduce the need to transport bags of dialy-
sis fluid to patients.
Transplant is presumed to be superior to PD and

hemodialysis, but no studies have evaluated the carbon
footprint of transplant. In 2017, almost 4000 patients
received preemptive kidney transplants, saving the
water, energy, and waste generated by dialysis; but what
is the carbon footprint of the hospital, doctor visits, and
pharmaceuticals needed to support our transplant cen-
ters? In a meeting abstract in 2016 at the American Trans-
plant Congress, Grafals et al. reported they compared the
environmental effect of hemodialysis, PD, and transplant
for 15 years of kidney function. In their model, transplant
reduced overall environmental effects by 96% compared
with hemodialysis and 91% compared with PD (50)
(Figure 3). These data counsel a new urgency to decrease
barriers to transplant. Increasing access to transplant,
more efficient organ donation, and championing living
donors whenever possible can mitigate the carbon foot-
print of dialysis.
In light of the environmental consequences of dialysis,

nephrologists must redouble efforts to prevent and slow
progression of CKD from increasing rates of obesity and
diabetes. Public health measures to promote cycling and
walking over car transportation, and initiatives to pro-
mote sustainable eating practices, have the combined
benefits of improving public health and reducing global
emissions (5).
Nephrologists should be aware of their own effect on

climate. Medical directors of dialysis clinics must advocate
to reduce waste, upgrade water systems, and implement
clinic-specific practices to minimize energy consumption
and adopt renewable energy. Physicians need to prepare
patients for extreme weather and educate them about the
risks from rising temperatures. Researchers need to explore

the links between climate change and adverse health out-
comes in patients with CKD and kidney failure. But we
need not wait for the results of such studies to begin a con-
certed effort to reduce the carbon footprint of the dialysis
industry.
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