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Summary
Background Human activity is a dominant driver of global carbon emissions, yet one universal source–human 
metabolism–has never been quantified using free-living measurements of carbon dioxide (CO 2) production at 
scale. We aimed to describe the contribution of human metabolism to global CO 2 emissions between 1985 and 2015.

Methods In this modelling study, we used the largest available database of doubly labelled water (DLW) measure-
ments from 1986 to 2019. The other data sources comprised WHO Global Health Observatory, United Nations 
Department of Economic and Social Affairs, and Non-communicable Disease Risk Factor Collaboration. We first 
allometrically modelled human CO 2 production (kg per year) using measurements available for 4479 female and 
2277 male participants from the International Atomic Energy Agency DLW database to derive predicted estimates 
of human CO 2 production adjusted for differences in body mass and sex. Second, by combining predicted 
estimates based on allometric scaling of CO 2 production for body mass with available population demographic 
information, generalised additive models were used to describe the 30-year progression of human body mass and 
per capita and global CO 2 production. We used the time-series country-specific measurements from 1985 to 
2015 with population-level global human metabolic CO 2 production summarised as cumulative sum for the 
progression analyses.

Findings Data were collected between 1986 and 2019. Mean ± SD (range) participant age was 40 ± 26 (0 to 101) and 
body mass was 63.3 ± 27.8 (2.4 to 101.9). 9006 measurements from 6756 participants (4479 women and 2277 men) 
from the DLW database were used to derive estimates of human CO 2 production adjusted for differences in body 
mass and sex. We observed that human metabolic CO 2 production approximately doubled over a 30-year period, from 
1⋅18 Gt per year to 2⋅05 Gt per year. This increase was driven mostly by population growth (>60%) with a minor 
contribution from increases in body mass. Per capita sex differences equalised at the population level, and contin-
ental differences reflect population shifts rather than physiological differences, with Asia accounting for the majority 
of human metabolic CO 2 production among all continents.

Interpretation Our findings suggest that human metabolism is a quantitatively important component of the fast 
carbon cycle and should be accounted for in carbon system modelling to enhance precision and fidelity. With a 
projected peak global population in the mid-to-late 21st century, metabolic CO 2 production will increasingly 
contribute to global carbon fluxes.

Funding The the DLW database was funded by The International Atomic Energy Agency, Taiyo Nippon Sanso, and 
SERCON.

Copyright © 2026 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).

Introduction
The success of humans as a species has resulted in sub-
stantial population growth. This growth has indirectly 
increased carbon dioxide (CO 2) emissions from fossil fuels 
and land-use change associated with human activity. 1 These 
sources are considered anthropogenic because they intro-
duce previously sequestered carbon into the atmosphere.
However, population growth also affects CO 2 flux via 
human metabolism—a biogenic process that has not been 
estimated using CO 2 models across the full range of human 
ages and masses at a global scale.
The full integration of human dynamics in biophysical 

systems, which includes human metabolic CO 2 production,

is a key challenge in Earth system science. 2 Human 
metabolic CO 2 production is an inevitable consequence of 
cellular respiration, through which food-derived carbon is 
oxidised and returned to the atmosphere. 3 Cellular res-
piration is part of the fast carbon cycle; that is, it generally 
does not add new carbon to the atmosphere but recycles 
carbon that was recently fixed by plants. Nevertheless, a 
rapidly growing human population, with the need to use 
more resources to fuel metabolism, can jeopardise the fast 
carbon cycle by contributing to total CO 2 release and 
potentially exceed Earth’s capacity to recapture and store 
carbon, decoupling the fast cycle. Accordingly, human 
metabolic CO 2 represents a key point in carbon flow
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through human food systems. Despite the biogenic nature 
of human metabolism, the accurate modelling and pre-
diction of global carbon fluxes require an understanding 
of human metabolic CO 2 in addition to anthropogenic 
sources of CO 2. 4,5 Misestimation or exclusion of human 
biogenic carbon flux can affect predictive modelling and 
effectiveness of policy interventions aimed at anthropo-
genic CO 2 emissions. Notably, flux of biogenic cycles can 
either accelerate or slow the rate of greenhouse gas accu-
mulation, thereby modulating the pace of local or global 
climate change. 5,6 Global CO 2 resulting from human 
metabolism has not been formally quantified using dou-
bly labelled water (DLW) measures of CO 2 during carbon 
flux model development, and, therefore, estimating the 
full effect of human population growth or of the spread of 
obesity or changes in physical activity levels on CO 2 flux 
has not been possible.
If human metabolic CO 2 production is substantial, it 

could have important implications for modelling the effects 
of policies and interventions on the carbon cycle. For 
example, the apparent effects of diets with low carbon 
footprints associated with food production and transport 
could differentially alter CO 2 flux if they substantially 
increase human metabolic CO 2 production. 7 Theoretically, 
this increase could occur with plant-based diets, such as the 
EAT-Lancet Commission’s Planetary Health Diet; the 
Planetary Health Diet tends to have a low carbon footprint 
up until the point of human consumption 8,9 but also tends 
to have a high food quotient (ratio of CO 2 production to 
oxygen consumption upon oxidation of the diet) because of

the higher carbohydrate-to-fat ratio. 9,10 During energy bal-
ance, the respiratory quotient equals the food quotient, 11 

and thus human metabolic CO 2 production can increase 
more from diets with a high food quotient than from those 
with a low food quotient. Further, strategies aimed at 
reducing obesity or increasing physical activity would also 
have implications for CO 2 modelling, in addition to direct 
effects on human health. All other factors being equal, 
reductions in prevalence of obesity would reduce human 
metabolic CO 2 production (and flux), whereas common 
public health recommendations promoting increases in 
physical activity would increase human metabolic CO 2 
production. Therefore, accurate quantification of human 
metabolic CO 2 production and its determinants are 
required to know whether carbon modelling should 
account for human metabolism.
The International Atomic Energy Agency (IAEA) DLW 

database provides a unique opportunity to describe global 
human metabolic CO 2 production. 12 DLW can provide an 
accurate and reliable measure of average CO 2 production by 
a human during free-living conditions over a period of 
approximately 2 weeks, 13 as the differences in the elimin-
ation rates of labelled hydrogen ( 2 H 2 O) and oxygen (H 2 

18 O) 
are directly proportional to CO 2 production rates. 13,14 The 
IAEA DLW database has data from over 7000 people across 
45 countries, with ages ranging from newborns to over 
100 years and body mass ranging from 2 kg to almost 
200 kg. Indirect estimates of human metabolic CO 2 have 
been made from deduction-based methods using esti-
mated carbon intake and average ratios of exhaled CO 2

Research in context

Evidence before this study
We searched PubMed, Web of Science, and Google Scholar for 
studies from the date of inception up to March 28, 2026, using 
terms including “human metabolism CO 2 ”, “metabolic carbon 
dioxide production”, “biogenic carbon flux humans”, “doubly 
labelled water CO 2 ”, and “human carbon budget”. We also 
screened the reference lists of relevant reviews and Earth system 

science reports. We included studies that attempted to quantify 
human metabolic CO 2 production or incorporated human 
respiration into carbon cycling models. We prioritised the studies 
that involved empirical measurements and studies with only 
theoretical assumptions were completely excluded. Although 
some estimates of human metabolic CO 2 production were 
previously provided, these were typically derived indirectly from 

carbon intake calculations or from laboratory-based indirect 
calorimetry studies in small samples (often <30 participants) of 
average young adults and thus do not capture real-world variation 
or population heterogeneity.

Added value of this study
To the best of our knowledge, this study provides the first global 
description of human metabolic CO 2 production based on a

model derived using measurements from the International 
Atomic Energy Agency doubly labelled water database, 
encompassing the data from thousands of individuals across 
different ages, body sizes, and geographical regions. By 
combining these data with population, anthropometric, and 
dietary datasets, we modelled the changes in global metabolic 
CO 2 production from 1985 to 2015. We show that global human 
metabolic CO 2 production nearly doubled over this period, 
increasing from approximately 1⋅8 to 2⋅05 GtCO 2 per year, with 
more than 60% of this rise driven by population growth and 
smaller contributions from increased body mass.

Implications of all the available evidence
Human metabolic CO 2 production is an important component of 
carbon cycling and should be incorporated in climate models for 
optimal understanding of carbon flux. Although metabolic CO 2 is 
biogenic and part of the short-term carbon cycle (ie, not 
contributing net carbon to the atmosphere), its magnitude and 
sensitivity to population dynamics indicate that it can influence 
total carbon fluxes and the interpretation of mitigation strategies.
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relative to carbon intake for healthy young adults 15,16 and 
from laboratory-based indirect calorimetry; such calori-
metric techniques were used to extrapolate measured CO 2 
emissions from breath samples within laboratory con-
ditions in small numbers of participants (typically 
n<30). 15,17–20 However, as there is large interindividual and 
intraindividual variability in human metabolic CO 2 pro-
duction, 17,21 large sample sizes and adequate observation 
periods under free-living conditions are required to derive 
robust estimates of CO 2 production for a wider population.
Our study aimed to model human metabolic CO 2 pro-

duction and describe the global CO 2 contribution from 
humans over a 30-year period from 1985 to 2015 using the 
data from IAEA DLW database and the UN database of 
population demographics. 12,22,23 The selected timescale of 
1985–2015 represents a period of increased global human 
population size and body mass, for which we have the data 
required for global modelling. We also aimed to describe 
the contributions to global CO 2 emissions from the 
metabolism of men and women, and across age ranges and 
continents.

Methods
Study design and data source
In this modelling study, we modelled human CO 2 pro-
duction (kg per year) using the data from the IAEA DLW 
database, covering thousands of individuals across all ages 
(<1 to >100 years), body sizes (2⋅4 to 192⋅4 kg body mass) 
and continents, to derive predicted estimates of human 
CO 2 production adjusted for differences in body mass and 
sex. The details of the database have been described else-
where, 12 and the information is available on the IAEA 
website. We used the database version 3.7, which exclu-
ded data from amateur and professional athletes because 
their high levels of physical activity result in substantially 
elevated CO 2 production rates that are not representative of 
the general population. We included participants with 
complete data on sex, body mass, location, and CO 2 pro-
duction rate. Data were collected between 1986 and 2019.
Details of the eligibility criteria cannot be provided because 
the DLW database comprises more than 100 individual 
studies, each with its own eligibility criteria. Sex and ethnicity 
were collected by self-report (appendix 1 pp 3).
This project received favourable ethical opinion from the 

Biomedical Sciences Research Ethics Committee at the 
University of Bath (reference no. 11927–13804).

Procedure
We adopted an information-theoretical approach and used 
the Akaike Information Criterion to compare three sets of 
four candidate models assuming multiplicative, log nor-
mal, and heteroscedastic error; additive, normal, homo-
scedastic error; additive, normal, heteroscedastic error; 24 

and a conventional two-parameter power function with log-
normal heteroscedastic error of the form Y=a⋅X b. The 
model fitted with the two-parameter power function

for scaling CO 2 production as a biological component for 
differences in body mass informed the second step.
By combining predicted estimates based on the allomet-

ric scaling of CO 2 for body mass with available population 
demographic information, 22,23,25 generalised additive mod-
els were used to describe the 30-year progression of human 
body mass and the expected per capita and global CO 2 
production using time-series country-specific measure-
ments from 1985 to 2015, the period for which data were 
available across all data sources with population-level global 
human metabolic CO 2 production summarised as the 
cumulative sum (appendix 1 pp 3–8, appendix 2 table S3, 
table S4, and table S5). 26

Statistical analysis
Allometric scaling analyses were conducted using the 
MODEL procedure available in SAS OnDemand for Aca-
demics. We conducted non-linear regression analyses of 
untransformed measurements to normalise human CO 2 
production for differences in body mass, and we fitted three 
sets of four models assuming multiplicative, log-normal, 
heteroscedastic error and additive, normal, homoscedastic 
or heteroscedastic error 24 (appendix 2 table S2). All models 
included CO 2 production as the dependent variable and 
body mass as the predictor variable; adjustment for sex 
(coded 0 for male and 1 for female participants) was 
included as a categorical covariate. The complete SAS code 
is available in the appendix 1 (pp 13–15). We used body 
mass and sex in our model based on the fact that human 
metabolic CO 2 production in energy balance is almost 
entirely explained by total energy expenditure and respira-
tory quotient. 11,27 Variables such as body mass, sex, and age 
accounted for a substantial proportion of variation in total 
energy expenditure and is confirmed by empirical data. 28 

Generalised additive modelling of time-series data for 
human body mass and per capita CO 2 production was 
conducted for descriptive purposes using the mgcv pack-
age. Cumulative sums were derived for global human CO 2 
production, expressed as unadjusted total CO 2 production, 
and a scaled total CO 2 production per unit of body mass 
using the dplyr package available in R (version 4.5.2). Finally, 
error propagation uncertainty analyses were conducted as 
sensitivity analyses to describe production estimates given 
the uncertainties associated with relevant input variables 
using the propagate package (appendix 1 p 6).

Role of the funding source
The funder had no role in study design, data collection, 
data analysis, data interpretation, manuscript writing, or 
decision to submit for publication.

Results
We performed the allometric modelling of human CO 2 
production (kg per year) using 9006 measurements from 
6756 participants (4479 women and 2277 men; figure 1A; 
appendix 2 table S1, table S3, and table S4) in the IAEA

For more on IAEA, see https:// 
www.dlwdatabase.org/

See Online for appendix 1

See Online for appendix 2
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DLW database to derive predicted estimates of human 
CO 2 production adjusted for differences in body mass 
and sex.
The best of 12 competing allometric models (figure 1B, 

appendix 2 table S2) indicated a non-linear relationship 
between human CO 2 production (Y) and body mass (X):

rCO 2 = 25⋅028 × body mass 0⋅62 × exp (sex × −0⋅18).

The adjusted coefficient of determination (adjusted R 2)
for the best model was 0⋅603, and the raw residuals from 
this model plotted against the predicted values were well-
behaved and indicated adequate model fit (appendix 2 
table S2; appendix 1 pp 9–10).
For adult men, mean body mass increased linearly from 

67⋅3 kg (95% CI 67⋅2–67⋅3) in 1985 to 76⋅0 kg (75⋅9–76⋅0) in 
2015, representing an increase of approximately 13% 
(figure 1D). Mean body mass for adult women also 
increased linearly from 59⋅8 kg (59⋅7–59⋅9) in 1985 to 
67⋅8 kg (67⋅7–67⋅9) in 2015, representing approximately 
13% increase (figure 1D). In contrast, mean body mass of 
boys (1–17 years old) displayed a more sigmoid-shaped 
increase from 36⋅8 kg (95% CI 36⋅7–37⋅0) in 1985 to 
41⋅8 kg (41⋅7–41⋅9) in 2015; a similar increase was observed 
in girls of same range, from 36⋅4 kg (36⋅2–36⋅5) in 1985 to 
40⋅1 kg (40⋅0–40⋅2) in 2015. Global population size 
increased from 1985 to 2015 (figure 1C), which was mostly 
accounted for by increases in Africa and Asia (figure 1E) for 
both male and female participants (figure 1E).
As of 2015, human metabolism was responsible for 

2⋅05 Gtonnes of CO 2 per year (GtCO 2 per year), which 
represents a 74% increase from 1⋅18 GtCO 2 per year in 
1985. Sensitivity analyses illustrated that the assumed input 
error-derived uncertainty in global human CO 2 production 
ranged from 1⋅09 GtCO 2 per year to 1⋅28 GtCO 2 per year in 
1985 and 1⋅91 GtCO 2 per year to 2⋅27 GtCO 2 per year in 2015 
(appendix 2 table S6 and table S7). This increase appeared 
almost entirely because of an increase in contribution from 
adults (aged ≥18 years) rather than any other age category 
(figure 2A), which holds when examining human metabolic 
CO 2 production adjusted for differences in body mass 
(figure 2B). Further, most temporal increase in human 
metabolic CO 2 production can be explained by population 
expansion because the expected annual per capita human 
metabolic CO 2 production only increased from a mean of 
228⋅5 kg per year (95% CI 228⋅1–229) in 1985 to 244⋅9 kg per 
year (244⋅5–245⋅4) in 2015 for juveniles (1–17 years old) and 
from 320⋅7 kg per year (320⋅3–321⋅1) in 1985 to 346 kg per 
year (345⋅6–346⋅5) in 2015 for adults. This corresponded to 
an approximately 7–8% increase in per capita CO 2 produc-
tion (figure 2C). Further, the total human metabolic CO 2 
production adjusted for differences in body mass displayed 
a 48% increase from 1985 to 2015, thereby accounting for 
62% of the temporal increase (figures 2D and 2E).
Despite a larger body mass on average, the total contri-

bution to global human metabolic CO 2 production from 
adult men was similar to that of adult women (within 5%),

and this finding was also reflected across all age groups and 
across time (figure 2B–C). Adult men contribute 7% more 
than women on a per capita basis (expected 358 kg per year in 
men vs 334 kg per year in women as of 2015; figure 2C), which 
is attributed to a higher body mass. When adjusted for body 
mass, women contribute 9% more than men to total meta-
bolic CO 2 production (figure 2D); this contribution is 
accounted for by an increase in the total number of women 
with a longer average life span than men, as this small dif-
ference is almost completely accounted for when expressed 
on a per capita basis (figure 2E). Thus, men and women 
provide roughly equivalent contributions to global human 
metabolic CO 2 production. Frequency distributions, reported 
as kernel density curves, are shown in appendix 1 (p 11).
From 1985 to 2015, China and India accounted for most 

of the human metabolic CO 2 production. In addition, when 
considering the top ten countries with the highest levels of 
human metabolic CO 2 production in 2015, the combined 
contribution of China and India (744 Mt per year) greatly 
exceeded the combined contribution of the other eight 
countries (458 Mt per year from Bangladesh, Brazil, 
Indonesia, Japan, Nigeria, Pakistan, Russia, and the USA; 
figure 3A). Among these countries, the only one that 
remained in the top ten when expressed as per capita was 
the USA (figure 3A). Asia accounted for the majority of 
human metabolic CO 2 production (figure 3A, B). This 
finding persisted when adjusting for body mass (figure 3D), 
with similar region-specific patterns across men and 
women (figure 3C, E).
Because dietary food quotient will influence CO 2 pro-

duction independent from body mass, we explored the 
potential for food quotient (driven primarily by carbohy-
drate content of the diet) to influence regional differences in 
human metabolic CO 2 production, alongside sex differ-
ences and temporal differences using the global dietary 
database. 29 Substantial regional variation was observed 
among the food quotient values (kg per year) and in the 
percent of energy from dietary carbohydrate (figure 3G), 
with few sex-based (figure 3H), temporal, or differences 
across age ranges (figure 3I). The variation in percent 
energy from carbohydrate across time and population age 
was less than 3%, which would result in a variation in food 
quotient (and thus respiratory quotient and CO 2 production) 
of less than 1%.
To show the negligible effect of this factor, the biggest 

difference between regions in terms of percentage energy 
from carbohydrate resulted in a difference of 0⋅88 to 0⋅92, 
which would alter the estimates of adult per capita human 
metabolic CO 2 production by less than 16 kg per year and of 
global human metabolic CO 2 production by less than 0⋅1 Gt 
per year. These variations represent much less than 10% of
the difference in human metabolic CO 2 production
between the continents with the largest difference in total 
human metabolic CO 2 production, Asia and Oceania.
The increase in metabolic CO 2 production via increase in 

the number of humans and increased human body mass 8 

could be partly offset by carbon sequestration in those
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people (temporary storage in human biomass until post-
mortem decomposition). We described the potential effect of 
this factor using previous estimates of human carbon com-
position 30 and provided additional context against the con-
tribution of food supply chain, and of fossil fuels and land-
use change to global CO 2 emissions. 1 Moreover, the
sequestering of carbon with increases in human biomass has 
a negligible effect on offsetting human metabolic CO 2 pro-
duction; this sequestration, however, is significant when 
compared with CO 2 emissions from fossil fuels and land-use 
change, expressed as either a total or per capita (figure 4).

Discussion
Our study, using measurements of CO 2 production quan-
tified in free-living conditions from the IAEA DLW data-
base, revealed that global human metabolic CO 2 production 
almost doubled across the 30-year period from 1985 to 
2015. This increase is mostly explained by increased 
population size, rather than the increase in population body

mass or by changes in food quotient or physical activity. 
These data also show that male participants contributed 
more human metabolic CO 2 production than female par-
ticipants on an annual per capita basis, consistent with the 
typically larger body mass of male participants; neverthe-
less, the longer life span and thus the larger number of 
women almost completely offsets this difference to result in 
global human metabolic CO 2 production being broadly 
equivalent between sexes. Over the 30-year analysis period 
from 1985 to 2015, Africa surpassed Europe as the second 
largest contributor to global human metabolic CO 2 pro-
duction, which can also be mostly accounted for by 
increased population size rather than any differences in 
body mass or food quotient. Although these relative 
changes over time and between regions are profound, the 
absolute numbers are also of high magnitude in compari-
son with other sources of global CO 2 emissions. 1,8 There-
fore, these data justify the consideration of human 
metabolism within carbon modelling.
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Figure 1: CO 2 production rates of 4479 female and 2277 male participants measured using doubly labelled water
CO 2 production rates plotted against age (mean±95% CI with individual data; A) and body mass (individual data; (B). (C) Estimated population size by continent (cumulative sums). (D) Estimated body mass 
of male adults (≥18 years) and juveniles (1–17 years) and female adults and juveniles between 1985 and 2015 (mean±95% CI). (E) Estimated population size of male participants and female participants by 
continent (cumulative sums).
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The knowledge and absolute quantification of human 
metabolic CO 2 production have implications for evidence-
based decision making regarding global atmospheric CO 2 
reduction and carbon modelling. Human biogenic carbon
cycles are still relevant to total atmospheric CO 2 via
modulating rates of change (hastening or slowing) when
interacting with anthropogenic carbon cycles, 31 and
regional carbon flux has implications for climate model-
ling. 5 Furthermore, estimation of human metabolic CO 2 
production can contribute to ecosystem scaling of regional 
net carbon balance, and validate photosynthesis models. 4 

Effects on human CO 2 emissions associated with metab-
olism should therefore be considered when estimating the 
timescale and net effect of interventions designed to reduce 
obesity or to increase the consumption of carbohydrate-
rich, plant-based diets. 7,9–11,32 We show profound relative
temporal increases and continent-specific or region-
specific differences in human metabolic CO 2 production.
Moreover, the absolute amount of human metabolic CO 2 
production (2⋅05 GtCO 2 per year) is substantial in com-
parison with other sources of CO 2 (eg, approximately 5% of 
anthropogenic CO 2 ) that have any biogenic or anthropo-
genic flux of ±0⋅3 GtCO 2 per year; these sources are 
considered relevant for the global carbon budget. 4 Our 
estimate is broadly similar to estimates based on CO 2 pro-
duction rates of an average young adult. 15,16 However, an 
understanding of the full effect of the human food system on 
CO 2 emissions requires inclusion of the effects of human 
metabolism upon consumption of food.
Global human metabolic CO 2 production can, in prin-

ciple, depend on several factors including population size, 
body mass, dietary food quotient, and total energy 
expenditure. Our data show that body mass explains most 
of the variation in per capita human metabolic CO 2 pro-
duction; however, variation in body mass only explains a 
minor part of variation in population levels of human 
metabolic CO 2 production over time or between regions. 
The variability in the number of people (specifically adults) 
is the primary explanation for temporal and regional dif-
ferences in global human metabolic CO 2 production.
Temporal and regional variations in total energy expend-
iture from physical activity or in dietary composition (food 
quotient) are too small to explain our data. 33 In contrast, 
global BMI did increase between 1985 to 2015 by approxi-
mately 11%. 23 Body mass being the primary predictor of per 
capita human metabolic CO 2 production (adjusted R 

2 for 
body mass: 0⋅50, thus explaining approximately 50% of the
variance in human metabolic CO 2 production) likely
explains a substantial proportion of the increase in per 
capita human metabolic CO 2 production over time.
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Existing policies and tools to halt the obesity epidemic, such 
as the advent of glucagon-like peptide-1 agonists and rela-
ted drugs, are also therefore relevant to human metabolic 
CO 2 production. However, a 48% temporal increase in 
global human metabolic CO 2 production still remained

after adjustment for body mass. Therefore, despite con-
tinental or regional differences in body mass and food 
quotient, population size became the predominant factor 
dictating differences between continents or regions in 
human metabolic CO 2 production, as normalisation for
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body mass differences does not alter how human metabolic 
CO 2 production varies between continents or regions, and 
differences in food quotient make a negligible contribution 
to intercontinental variance in human metabolic CO 2 pro-
duction. Thus, the general increase in population sizes 
across the nations and continents, as a result of reduced 
infant mortality and increased life expectancy, constitutes 
the predominant factor dictating global human metabolic 
CO 2 production.
Although trends in physical activity or diet cannot explain 

the temporal (or continental or regional) differences in 
human metabolic CO 2 production reported here, our 
finding that global human metabolic CO 2 production is 
quantitatively important for CO 2 fluxes indicates that there 
are important implications for modelling population-level 
changes in behaviour regarding diet and physical activity. 
This might be expected for physical activity, as it is a major 
driver of individual levels of CO 2 production. However, 
because most people worldwide are physically inactive, 34 

the contribution of physical activity to global CO 2 is minor.
Nutrition is relevant in the context of dietary guidelines

aimed at reducing greenhouse gas emissions during pro-
duction and transport of food, 9 which have been critiqued 
with regard to their potential to affect health. 7 For example, 
decreasing global dietary carbohydrate intake from 60% to 
10% of energy (with a food quotient of approximately 0⋅75; 
equivalent to that of a ketogenic diet) would reduce the 
2015 estimate of human metabolic CO 2 production by 
approximately 12% from 2⋅05 to 1⋅8 Gt per year. In contrast, 
a carbohydrate intake of 72% (with a food quotient of 
approximately 0⋅94; equivalent to that of some hunter–
gatherer diets 35 ) would increase the 2015 estimate of
human metabolic CO 2 by approximately 5% to 2⋅15 Gt per 
year (appendix 1 p 15). Notably, these two diets are extreme, 
proof-of-principle examples and therefore provides the 
margins within which more realistic dietary changes are 
likely to lie within. Furthermore, this estimate ignores the 
potential for animal-based diets to contribute to greenhouse
gas emissions by, for example, methane (CH 4) production.
Similarly, increasing physical activity with 150 min of 
moderate walking per week 36 (equivalent to WHO guide-
lines 37 ) would increase the 2015 estimate of human

F
H

I

0·950·85

Food quotient

G

0

10

20

30

40

50

60

70

80

90

100

Pe
rc

en
ta

ge
 e

ne
rg

y 
in

ta
ke

 fr
om

 ca
rb

oh
yd

ra
te

 d
ie

t

2000 2010 20201990

Year

0

10

20

30

40

50

60

70

80

90

100

Pe
rc

en
ta

ge
 e

ne
rg

y 
in

ta
ke

 fr
om

 ca
rb

oh
yd

ra
te

 d
ie

t

10 20 30 40 50 60 70 80 90 1000

Age (years)

0

10

20

30

40

50

60

70

80

90

100

Pe
rc

en
ta

ge
 e

ne
rg

y 
in

ta
ke

 fr
om

 ca
rb

oh
yd

ra
te

 d
ie

t

South Asia
Sub-Saharan Africa

Latin America and Caribbean
Former Soviet Union

Asia
Middle East and North Africa

High-income Countries

Female participants
Male participants

1990
1995
2000
2005
2010
2015
2018

Figure 3: Contributions from each country to global human metabolic CO 2 production
Contribution as a cumulative sum and per capita in 1985 and 2015 (A), cumulative human metabolic CO 2 production of each continent expressed as a total (B), 
cumulative human metabolic CO 2 production of each continent separated by sex (C), cumulative human metabolic CO 2 production of each continent scaled to per unit 
metabolic mass (D), cumulative human metabolic CO 2 production of each continent scaled to per unit metabolic mass separated by sex (E), food quotient by country (F), 
and proportion of energy from carbohydrate by region (mean±95% CI; G), sex (mean±95% CI; H), and age (means±95% CI; I). Data are estimated average means±95% CI.

Articles

8 www.thelancet.com/planetary-health Vol ▪ ▪ 2026

http://www.thelancet.com/planetary-health


metabolic CO 2 production by approximately 6% to 2⋅21 Gt 
per year, although this might be offset by physical activity-
associated reductions in body mass. Increasing physical 
activity would also contribute to reducing obesity and esti-
mating the effect of obesity reduction by reverting to
population levels of body mass to those in 1985, would 
reduce human metabolic CO 2 production by approximately 
10% to 1⋅9 Gt per year. Finally, assuming that the per capita 
human metabolic CO 2 as of 2015 remains constant over 
time, the increases in population size from 2015 to 2023, 
will have been responsible for a further increase in human 
metabolic CO 2 to 2⋅3 Gt per year, that might reach 2⋅9 Gt 
per year given the expected peak in global population in 
2084. 38 These data therefore do not show that differences in
diet composition or physical activity would make any 
meaningful differences to net CO 2 emissions.
Our study aimed to provide a novel description of CO 2 

production quantified in free-living conditions from the 
IAEA DLW database, yet not without potential limitations. 
First, increases in human biomass alongside increases in 
the human population can likely displace rather than add to 
other animal biomass, resulting in negligible net change in 
global animal biomass. 39 Nevertheless, the contribution of 
human metabolism per se to global CO 2 fluxes should be 
understood. Additionally, for a given biomass, humans 
might have different rates of CO 2 production than other 
animals, such that with the same global animal biomass, a 
different ratio of humans to non-human animals produces 
variance in CO 2 flux. Second, CO 2 and CH 4 are two most 
quantitatively important radiative gases in Earth’s atmos-
phere. Here, we estimated global CO 2 emissions from
human metabolism. Although CH 4 is a more potent 
greenhouse gas than CO 2 (CH 4 is estimated to exert 
approximately 28 times the greenhouse gas effect than 
CO 2 

31 ), humans produce much less CH 4 than CO 2. When

expressed as CO 2 equivalents (normalising CH 4 for the 
global warming potential to allow direct comparison with 
CO 2 ), human CO 2 equivalents are greater than 99⋅5% from 
CO 2 and less than 0⋅5% from CH 4. 17 Therefore, the fact that 
the present analysis is of human metabolic CO 2 production 
alone is unlikely to change the inferences regarding human 
metabolic contributions to global carbon cycles without 
considering human CH 4 production. Third, the estimates 
of effects of changing diet, physical activity levels, obesity, 
and human populations do not include compensatory 
effects (which would require additional assumptions), and 
these data do not necessarily suggest that there should be 
any policies to reduce the consumption of carbohydrate-
rich diets, physical activity levels, or the number of 
humans. Instead, these data provide the means to better 
model global carbon fluxes with changing human pop-
ulations and lifestyles. Similarly, the allometric scaling was 
restricted to body mass rather than including fat-free mass 
and fat mass. This was because of the absence of available 
data on global fat-free mass. However, although fat-free 
mass is a major determinant of resting CO 2 production 
body mass becomes more important during free-living 
conditions, in which, the cost of movement is related to 
body mass rather than fat-free mass.
The summary statistics from the error propagation ana-

lyses that we conducted for unadjusted and scaled global 
CO 2 production as our primary outcome measures also 
deserve attention. In this context, the IPCC general carbon 
emission factors for fossil fuel combustion partly informed 
our considerations regarding the degree of error for the 
input variables compounding our primary outcome meas-
ures of interest. Fundamentally, such reports informed 
considerations for error propagation analysis purposes but 
there is an absence of concrete knowledge about what 
might constitute the actual degree of error in population
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Figure 4: CO 2 emissions from fossil fuel and land-use change, 1 human sequestration, and human metabolism presented as the absolute number (cumulative sum), 
as an absolute increase, and as a relative increase between 1985 to 2015
Negative numbers indicate reduced carbon emissions into the atmosphere and increased carbon sequestration within biomass; positive numbers relate to increased 
carbon emissions into the atmosphere and decreased carbon sequestration within biomass.

Articles

www.thelancet.com/planetary-health Vol ▪ ▪ 2026 9

http://www.thelancet.com/planetary-health


structure data, measurement error and protocol hetero-
geneity within the IAEA DLW database. Accordingly, 
interval uncertainty estimation as part of an error propa-
gation analysis remains an inherently exploratory approach 
suitable for descriptive purposes only, given the general 
limitations of, for example, Monte Carlo simulation 
methods 40 and the heterogeneity of procedures that might 
be considered to conduct such analyses. Future methodo-
logical work might seek to explore such issues by system-
atically characterising uncertainty in key inputs and 
exploring hierarchical or Bayesian approaches that jointly 
model parameter, structural, and population-level uncer-
tainty. Another important aspect requiring potential con-
sideration is that the shortage of global representativeness 
of the DLW database precluded the analysis of potential 
differences in the scaling relationship between CO 2 pro-
duction and body mass between groups of participants 
from distinct ethnic backgrounds. Although such an ana-
lysis might remain purely exploratory in nature, there are 
initiatives to address the absence of DLW data from under-
represented populations, and future work might address 
this. The data that are available indicate that ethnicity-
related differences in CO 2 production are likely to be 
small differences related to body mass and age.
The contextual value of the timeframe between 1985 and 

2015 might be considered minor in human history; how-
ever, the timeframe is important from the viewpoint of the 
current investigation for three key reasons. First, this 
timeframe represented rapid but stable population growth; 
second, this timeframe tracked the global obesity epi-
demic; 23,25,38 and third, the available data required to carry 
out this investigation (including data from the IAEA DLW 
database, databases of country-level population demo-
graphic data, and global dietary database) overlap for this 
timeframe. Although this overlap is not essential for the 
IAEA DLW database as there is no plausible reason to 
believe that time would alter the biological relationship 
between body mass and CO 2 production, this does allow 
accurate modelling with population demographic data and 
diet data within directly compatible timeframes.
The data in the current investigation show that human 

metabolism, although rarely acknowledged in carbon 
models, is a quantitatively important human biogenic 
source of global atmospheric CO 2 . Future increases in 
global population alone are expected to further increase 
human metabolic CO 2 flux. Furthermore, although strat-
egies to reduce obesity have largely been justified on the 
basis of health benefits, an unforeseen additional benefit 
could be the reduction of per capita metabolic CO 2 
production and knock-on effect on the total CO 2 flux.
Human metabolism should be accounted for to accurately 
model carbon cycles, and its inclusion in closed-system 
models, urban carbon budgets, and comparative biogenic 
flux analyses could enhance the fidelity of carbon 
accounting. A more nuanced evaluation of human biogenic 
emissions, including those from human metabolism, 
might improve our understanding of short-term carbon

dynamics and support more comprehensive approaches to 
climate modelling and sustainability planning.

International Atomic Energy Agency doubly labelled water database 
consortium writing group
Prof Philip N Ainslie PhD, Prof Heliodoro Alemán-Mateo PhD, Prof Linda 
Bandini PhD, Prof Ellen E Blaak PhD, Prof Carlijn V C Bouten PhD, Prof 
Pascal Bovet PhD, Soren Brage PhD, Prof Regina Casper PhD, Prof 
Melanie Gillingham PhD, Annalies H Goris PhD, Prof Michael Gurven 
PhD, Prof Hinke Haisma PhD, Marije B Hoos PhD, Noorjehan Joonas 
PhD, Prof Peter Katzmarzyk PhD, Misaka Kimura PhD, Prof Sai Krupa Das 
PhD, Prof Pulani Lanerolle PhD, Prof Christel L Larsson PhD, Prof Marie 
Löf PhD, Prof Aviva Must PhD, Prof Marian Neuhouser PhD, Prof Theresa 
A Nicklas PhD, Robert M Ojiambo PhD, Prof Kirsi H Pietilainen MD PhD, 
Prof Susan B Racette PhD, Prof Eric Ravussin PhD, Prof Leanne
M Redman PhD, Prof John J Reilly PhD, Prof Susan Roberts PhD, Prof Luis 
B Sardinha PhD, Analiza M Silva, PhD, Srishti Sinha, PhD, Prof Anders 
M Sjödin PhD, Prof Eric Stice PhD, Prof Samuel S Urlacher PhD, Edgar 
A Van Mil PhD, Jeanine A Verbunt PhD, Prof Jonathan C K Wells PhD, 
Tsukasa Yoshida PhD, Xueying Zhang PhD, Alexia Murphy-Alford PhD, 
Cornelia U Loechl PhD, Prof Amy Luke PhD, Michele Novaes Ravelli PhD, 
Prof Herman Pontzer PhD, Jennifer Rood PhD, Hiroyuki Sagayama PhD, 
Prof Klaas R Westerterp PhD, Prof William W Wong PhD, Prof Yosuke 
Yamada PhD, Prof John Speakman PhD.

Contributors
JTG conceptualised the original idea; JTG, LL, BS, GA, AM-C, JBu, and EM 

contributed to data acquisition and analysis; all authors contributed to data 
interpretation, have approved the final submitted version, and agree to be 
personally accountable for the work. All authors had full access to all the 
data in the study and had final responsibility for the decision to submit for 
publication. JTG and LL accessed and verified the data.

Declaration of interests
JTG has received research funding from BBSRC (UKRI/BB/C001910/ 
1), MRC (MR/Z505651/1), British Heart Foundation, Clasado 
Biosciences, Lucozade Ribena Suntory, ARLA Foods Ingredients, Cosun 
Nutrition Center, Innocent Drinks and the Fruit Juice Science Centre; is 
a scientific advisory board member to ZOE; and has completed paid 
consultancy for 6 days Sports Nutrition, Science in Sport, The Dairy 
Council, PepsiCo, Violicom Medical, Tour Racing, and SVGC. For a full 
list of disclosures by JTG, see.
JR and ER’s institution is supported by NORC Center grant P30 
DK072476 titled Nutrition and Metabolic Health Through the Lifespan 
and by grant U54 GM104940 from the National Institute of General 
Medical Sciences, which funds the Louisiana Clinical and Translational 
Science Center.
SB is supported by the National Institute for Health and Care Research 
(NIHR) Cambridge Biomedical Research Centre (NIHR203312); SB is 
also supported by the UK Medical Research Council (MC_UU_00006/4). 
The content is solely the responsibility of the authors and does not 
necessarily represent the official views of the National Institutes of 
Health.

Data sharing
Data were collected from the International Atomic Energy Agency (IAEA) 
doubly labelled water (DLW) database and are not publicly available because 
of restrictions imposed by data sharing agreements. Requests can be made 
to dlw-database@iaea.org.

Acknowledgments
We thank the International Atomic Energy Agency (IAEA; which hosts the 
IAEA doubly labelled water [DLW] database), Taiyo Nippon Sanso, and 
SERCON for their financial support. We thank all those who submitted 
data, including those who are not co-authors or members of the 
management committee of the DLW database, such as Stephan Branth, 
Niels C De Bruin, Alice E Dutman, Cara Ebbeling, Mikael Fogelholm, 
Tamara Harris, Rik Heijligenberg, Hans U Jorgensen, David Ludwig, 
Gerwin A Meijer, Margaret McCloskey, Daphne L Pannemans, Renaat 
M Philippaerts, Jacob Plange-Rhule, Elisabet M Rothenberg, Sabine

For more on the disclosures, see 
https://sites.google.com/view/

declarationsgonzalez/home

Articles

10 www.thelancet.com/planetary-health Vol ▪ ▪ 2026

https://sites.google.com/view/declarationsgonzalez/home
mailto:dlw-database@iaea.org
https://sites.google.com/view/declarationsgonzalez/home
https://sites.google.com/view/declarationsgonzalez/home
http://www.thelancet.com/planetary-health


Schulz, Albertine J Scuitt, Albert Stunkard, Amy Subar, Minna Tanskanen, 
Ricardo Uauy, Giulio Valenti, Rita Van den Berg-Emons, Ludo M van Etten, 
Wim G Van Gemert, Wilhelmine W Verboeket-van de Venne, and Erica J 
Velthuis-te Wierik.

Editorial note: The Lancet Group takes a neutral position with respect to 
territorial claims in published maps and institutional affiliations.

References
1 Ritchie H, Rosado P, Roser M. CO 2 and greenhouse gas

emissions. 2023. https://ourworldindata.org/co2-and-greenhouse-
gas-emissions (accessed February, 2024).

2 Steffen W, Richardson K, Rockström J, et al. The emergence and
evolution of Earth System Science. Nat Rev Earth Environ 2020;
1: 54–63.

3 Frayn KN. Calculation of substrate oxidation rates in vivo from
gaseous exchange. J Appl Physiol Respir Environ Exerc Physiol 1983;
55: 628–34.

4 Friedlingstein P, O’Sullivan M, Jones MW, et al. Global carbon
budget 2023. Earth Syst Sci Data 2023; 15: 5301–69.

5 Carvalhais N, Forkel M, Khomik M, et al. Global covariation of
carbon turnover times with climate in terrestrial ecosystems.
Nature 2014; 514: 213–17.

6 Canadell JG, Monteiro PM, Costa MH, et al. Global carbon and
other biogeochemical cycles and feedbacks. IPCC AR6 WGI, Final
Government Distribution, 2021: chapter 5. https://www.ipcc.ch/
report/ar6/wg1/chapter/chapter-5/ (accessed July, 2026).

7 Magkos F, Tetens I, Bügel SG, et al. A perspective on the
transition to plant-based diets: a diet change may attenuate climate
change, but can it also attenuate obesity and chronic disease risk?
Adv Nutr 2020; 11: 1–9.

8 Li M, Jia N, Lenzen M, et al. Global food-miles account for nearly
20% of total food-systems emissions. Nat Food 2022; 3: 445–53.

9 Willett W, Rockström J, Loken B, et al. Food in the Anthropocene:
the EAT–Lancet Commission on healthy diets from sustainable
food systems. Lancet 2019; 393: 447–92.

10 Key TJ, Papier K, Tong TY. Plant-based diets and long-term health:
findings from the EPIC-Oxford study. Proc Nutr Soc 2022; 81: 190–98.

11 Westerterp KR. Food quotient, respiratory quotient, and energy
balance. Am J Clin Nutr 1993; 57 (5 suppl): 759S–764S.

12 Speakman JR, Pontzer H, Rood J, et al. The International Atomic
Energy Agency international doubly labelled water database: aims,
scope and procedures. Ann Nutr Metab 2019; 75: 114–18.

13 Lifson N, Gordon GB, McClintock R. Measurement of total carbon
dioxide production by means of D2O18. J Appl Physiol 1955;
7: 704–10.

14 Speakman JR, Yamada Y, Sagayama H, et al. A standard
calculation methodology for human doubly labeled water studies.
Cell Rep Med 2021; 2: 100203.

15 West TO, Marland G, Singh N, Bhaduri BL, Roddy AB. The
human carbon budget: an estimate of the spatial distribution of
metabolic carbon consumption and release in the United States.
Biogeochemistry 2009; 94: 29–41.

16 Wolf J, West TO, Le Page Y, et al. Biogenic carbon fluxes from
global agricultural production and consumption.
Global Biogeochem Cycles 2015; 29: 1617–39.

17 Li M, Bekö G, Zannoni N, et al. Human metabolic emissions of
carbon dioxide and methane and their implications for carbon
emissions. Sci Total Environ 2022; 833: 155241.

18 Sakamoto M, Li M, Kuga K, et al. CO 2 emission rates from
sedentary subjects under controlled laboratory conditions.
Build Environ 2022; 211: 108735.

19 Cai Q, Zeng N, Zhao F, et al. The impact of human and livestock
respiration on CO 2 emissions from 14 global cities.
Carbon Balance Manag 2022; 17: 17.

20 Prairie YT, Duarte CM. Direct and indirect metabolic CO 2 release
by humanity. Biogeosciences 2007; 4: 215–17.

21 Chrzanowski-Smith OJ, Edinburgh RM, Thomas MP, et al. The 
day-to-day reliability of peak fat oxidation and FATMAX.
Eur J Appl Physiol 2020; 120: 1745–59.

22 UN Department of Economic and Social Affairs Population 
Division. World Population Prospects 2024. 2025. https:// 
population.un.org/wpp/ (accessed February, 2024).

23 NCD Risk Factor Collaboration (NCD-RisC). Worldwide trends in 
body-mass index, underweight, overweight, and obesity from 
1975 to 2016: a pooled analysis of 2416 population-based 
measurement studies in 128⋅9 million children, adolescents, and 
adults. Lancet 2017; 390: 2627–42.

24 Packard GC. Is complex allometry in field metabolic
rates of mammals a statistical artifact?
Comp Biochem Physiol A Mol Integr Physiol 2017; 203: 322–27. 

25 WHO. The global health observatory. 2025. https://www.who.int/ 
data/gho (accessed February, 2024).

26 Hastie T, Tibshirani R. Generalized additive models. Stat Sci 1986; 
1: 314–18.

27 Westerterp KR. Doubly labelled water assessment of energy 
expenditure: principle, practice, and promise. Eur J Appl Physiol 
2017; 117: 1277–85.

28 Pontzer H, Yamada Y, Sagayama H, et al. Daily energy 
expenditure through the human life course. Science 2021;
373: 808–12.

29 Miller V, Singh GM, Onopa J, et al. Global Dietary Database 2017: 
data availability and gaps on 54 major foods, beverages and 
nutrients among 5.6 million children and adults from
1220 surveys worldwide. BMJ Glob Health 2021; 6: e003585. 

30 Bar-On YM, Phillips R, Milo R. The biomass distribution on Earth.
Proc Natl Acad Sci U S A 2018; 115: 6506–11.

31 The Intergovernmental Panel on Climate Change. Mitigation of 
climate change, Working group III contribution to the fifth 
assessment report of the Intergovernmental Panel on Climate 
Change. Cambridge University Press, 2014.

32 Gonzalez JT, Batterham AM, Atkinson G, Thompson D.
Perspective: is the response of human energy expenditure to 
increased physical activity additive or constrained? Adv Nutr 2023; 
14: 406–19.

33 Speakman JR, de Jong JM, Sinha S, et al. Total daily energy 
expenditure has declined over the past three decades due to 
declining basal expenditure, not reduced activity expenditure.
Nat Metab 2023; 5: 579–88.

34 Strain T, Flaxman S, Guthold R, et al. National, regional, and 
global trends in insufficient physical activity among adults from 
2000 to 2022: a pooled analysis of 507 population-based surveys 
with 5⋅7 million participants. Lancet Glob Health 2024;
12: e1232–43.

35 Pontzer H, Wood BM, Raichlen DA. Hunter-gatherers as models 
in public health. Obes Rev 2018; 19 (suppl 1): 24–35.

36 Ainsworth BE, Haskell WL, Herrmann SD, et al.
2011 Compendium of Physical Activities: a second update of codes 
and MET values. Med Sci Sports Exerc 2011; 43: 1575–81.

37 Bull FC, Al-Ansari SS, Biddle S, et al. World Health Organization 
2020 guidelines on physical activity and sedentary behaviour.
Br J Sports Med 2020; 54: 1451–62.

38 UN Department of Economic and Social Affairs. World 
Population prospects 2022. 2022. https://population.un.org/wpp/ 
assets/Files/WPP2022_Data_Sources.pdf (accessed February, 
2024).

39 Elhacham E, Ben-Uri L, Grozovski J, Bar-On YM, Milo R. Global 
human-made mass exceeds all living biomass. Nature 2020;
588: 442–44.

40 Pownuk A, Kosheleva O, Kreinovich V. Limitations of realistic 
Monte-Carlo techniques in estimating interval uncertainty. 
Proceedings of the 7th International Workshop on Reliable Engineering 
Computing Rec 2016; 2016: 15–17.

Articles

www.thelancet.com/planetary-health Vol ▪ ▪ 2026 11

https://ourworldindata.org/co2%2Dand%2Dgreenhouse%2Dgas%2Demissions
https://ourworldindata.org/co2%2Dand%2Dgreenhouse%2Dgas%2Demissions
https://www.ipcc.ch/report/ar6/wg1/chapter/chapter%2D5/
https://www.ipcc.ch/report/ar6/wg1/chapter/chapter%2D5/
https://population.un.org/wpp/
https://population.un.org/wpp/
https://www.who.int/data/gho
https://www.who.int/data/gho
https://population.un.org/wpp/assets/Files/WPP2022_Data_Sources.pdf
https://population.un.org/wpp/assets/Files/WPP2022_Data_Sources.pdf
http://www.thelancet.com/planetary-health

	Accounting for global carbon dioxide production from human metabolism between 1985 and 2015: a modelling study
	Introduction
	Methods
	Study design and data source
	Procedure
	Statistical analysis
	Role of the funding source

	Results
	Discussion
	International Atomic Energy Agency doubly labelled water database consortium writing group
	Contributors
	Declaration of interests
	Data sharing
	Acknowledgments
	References


