
nature reviews methods primers |              (2023) 3:9 1

https://doi.org/10.1038/s43586-023-00202-5

Comment

0123456789();: 

Carbon footprint estimation for 
computational research
Loïc Lannelongue & Michael Inouye

Data analysis relies heavily on computation, 
and algorithms have grown more demanding in 
terms of hardware and energy. Monitoring their 
environmental impacts is and will continue to 
be an essential part of sustainable research. 
Here, we provide guidance on how to do so 
accurately and with limited overheads.

The urgency for environmentally sustainable research practices has 
never been greater. The gap between the carbon footprint of scientists 
(approximately 4–25 tonnes of CO2-equivalent (CO2e) per year per  
scientist1,2) and the Intergovernmental Panel on Climate Change carbon 
budget per person to keep global warming below 1.5 °C (<2 tonnes of 
CO2e per year per person3) is substantial.

Estimation of the carbon footprint of a computational project is 
best done by the researchers themselves. The main source of green-
house gas (GHG) emissions is the power draw of computers during the 
analyses. Carbon footprints are generally measured in grams of CO2e 
(gCO2e), which summarizes the global warming impact of a range of 
GHGs. The carbon footprint of a task depends on the total energy used 
by the computer and on the amount of GHGs emitted to produce this 
energy, called carbon intensity. Carbon intensities mostly depend 
on the sources of electricity production, and various resources make 
this data available, such as ElectricityMap. Estimating the energy con-
sumption of a computer or a particular computation is a trade-off 
between accuracy and practicality, and it has been shown that accurate 
estimates can be obtained by focusing on the power draw of process-
ing cores (CPUs and/or GPUs) and the quantity of memory available.  
The other relevant parameters are the runtime and the efficiency  
of the computing facility (measured by its power usage effectiveness, 
or PUE). These components have been combined to estimate overall 
energy consumption4.

There are different strategies for estimating carbon footprints in 
practice. Depending on the strategy, some metrics mentioned above 
can be collected automatically. If computations are performed on a 
local computer (like a laptop or desktop computer), then the tools 
need to be user-side, meaning that data collection happens on the 
user’s device. In this case, one can use an online calculator, such as 
GreenAlgorithms4, or embed a software, package or library in their code 
to track computing usage to then produce carbon footprint estimates, 
like CarbonTracker5 and CodeCarbon. When using a high performance 
computing (HPC) facility, where algorithms are run in a dedicated data 
centre or on the cloud, details about the computations are often logged 
for accounting purposes. In this case, there is also the possibility of 
using a server-side tool — like GreenAlgorithms4HPC6 — that estimates 
carbon footprints a posteriori based on server logs.

Each strategy offers pros and cons (Table 1). The online calculator 
is the most flexible method, as it works for any hardware, programming 
language and field of research. It also enables estimations of carbon 
footprints a priori for planning and a posteriori to investigate previous 
computations. However, it can be cumbersome for large numbers of 
jobs, and it requires the user to collect details about the runs (runtime, 
memory, core usage, etc.). A package embedded in the code can be 
more accurate, as it tracks metrics in real time and can scale better to 
a large number of jobs, but only if such a tool exists for the particular 
combination of programming language, hardware and research field. 
An embedded package cannot be used to investigate past computa-
tions if the tool did not track the parameters at the time. On HPC serv-
ers, a server-side tool is expected to combine the strengths of the two 
other options, as it would not interfere with the code, is independent 
of the application and does not require manual operations. Server-
side tools can also estimate aggregated carbon footprints over a long 
period of time (months to years). However, the appropriate informa-
tion needs to be logged and made available by the workload manager 
(the piece of software allocating resources to users) and errors in the 
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Table 1 | Pros and cons of each strategy for carbon footprint 
estimation

Characteristic of each 
strategy

Online 
calculator

Embedded 
package

Server-side tool

Compatible with any 
hardware

Yes No, a dedicated 
tool needs to be 
built for each

Yes, provided 
hardware usage 
can be monitored

Compatible with any 
programming language

Yes Yes

Compatible with any 
task or research field

Yes Yes

Computing metrics are 
collected automatically

No Yes Yes

Does not interfere with 
existing code

Yes No Yes

Estimates can be 
obtained beforehand

Yes No No

Estimates can be 
obtained in real time

No Yes Yes

Estimates can 
be obtained 
retrospectively

Yes Only if the tracker 
was active at 
the time

Yes

Scalable with large 
numbers of jobs

No Yes Yes

Scalable over long 
periods of time

No Only if the 
tracker is used 
every time

Yes
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logs are harder to identify, so underestimations or overestimations 
can easily stay uncorrected. Finally, carbon footprint estimation is 
still at its infancy, so if no tool exists yet for a particular application 
or a particular platform, building one is also an option, using existing 
open-source code as a starting point, and making the tool available to 
the community afterwards.

Beyond the direct carbon footprint of running an analysis, other 
aspects of environmental impacts should be included when assessing 
research projects. Hardware manufacturing and disposal have signifi-
cant environmental impacts and should be considered when discussing 
procurement or renewing policies. For example, around 70% of the life 
cycle footprint of a laptop is due to manufacturing alone7. In some fields, 
storage needs are high, and the impact of long-term data storage should 
be included. Estimates vary depending on hardware, but the order of 
magnitude of the carbon footprint of storing 1 terabyte of data is around 
10 kgCO2e per year. Most projects involve travelling, either for fieldwork 
or conferences, which can also cause a substantial amount of GHG 
emissions. If the research project involves work in a laboratory, then the 
LEAF framework can be used to estimate and reduce carbon footprints.

Systematically estimating the carbon footprint of computational 
research can limit the waste of resources, encourage the develop-
ment of energy-efficient software and raise environmental awareness. 
Environmental impacts can also be included in cost–benefit analyses 
similarly to how financial costs are considered, for example, as part of 
funding applications to show the proposal’s environmental sustain-
ability. Upon completion of a project, its total carbon footprint can 
be reported and acknowledged in publications to raise awareness 
(for example, see ref. 8). As part of the bigger picture, the aforemen-
tioned methods and tools empower research groups and institutions 
to monitor the computing footprint of all their research projects and 
use this information to inform future sustainability decisions.
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