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Abstract

Radio astronomy involves processing large amounts of data which is energy-
intensive. Looking for ways to make radio astronomy more sustainable,
ASTRON, the Netherlands Institute for Radio Astronomy, asked us: “How
could radio astronomers contribute to lowering the environmental impact of
their research?” To answer this, we have interviewed a range of radio as-
tronomers at ASTRON, from first-year PhD students to experienced staff
members. In this exploratory case study, we have asked these radio as-
tronomers how high a priority the environmental impact of their work is for
them, how aware they are of their work’s environmental impact, and how
effective they expect different incentive mechanisms would be at reducing
the carbon emissions of their compute jobs. We will discuss, among other
things, the disparity between professional and personal priorities, the pos-
itive aspects of radio astronomy’s environmental impact, the perception of
where the carbon footprint actually is, and the perceived pain points of AS-
TRON's policy. We will conclude by providing specific recommendations for
future research and policy.
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1 | Introduction

Human-caused climate change is a worldwide problem. Average global tem-
peratures are up more than 1°C compared to pre-industrial times [7], with
humans being the cause of this change [7]. This climate change results in wa-
ter scarcity [24, 7], it impacts food production [3, 26, 7], changes the ecosys-
tem [29, 15, 7], and affects human health [7]. The radio astronomy sector has
high energy usage [28] and as such can benefit greatly from lowering carbon
emissions [27].

In this paper, we use the terms environmental impact and carbon footprint to dis-
cuss the effect of certain actions measured with regards to the environment;
whether these actions are measured in tons of carbon emitted or through
their second-order effects, this is not quantified in this work. These two terms
are thus used interchangeably in this thesis, with environmental impact be-
ing used most of the time.

ASTRON, the Netherlands Institute for Radio Astronomy, is looking to re-
duce the environmental impact caused by their research in general, and that
caused by their High-Performance Computing (HPC) [16] in particular, in
a response to social pressure to lower the environmental impact of their re-
search.

ASTRON is a medium sized organisation, with 194 employees per 31 De-
cember 2023 [21]. They are one of the largest radio astronomical institutes
in Europe, making them an excellent subject for this study due to their size
and expertise. The most recent evaluation of ASTRON in 2023 by an exter-
nal committee of international independent experts evaluated them as excel-
lent in all the evaluated categories and concluded that "ASTRON is a world-
leading institute in the field of astronomy, and produces excellent research
both on astronomy and in technology and innovations." [1].

The scope of this study is limited to the environmental impact of radio as-
tronomy research at ASTRON. While research has been done on the decar-
bonisation of HPC centres [9, 25], we explore the human side of HPC in radio
astronomy. This study focuses on the computing science aspect of the envi-
ronmental impact, as that is the background of those conducting this study:.

To study the human side of HPC in radio astronomy, we investigate what in-
centive mechanisms radio astronomers believe would be effective at reduc-



Chapter 1. Introduction

ing the carbon emissions of their compute jobs. Incentive mechanisms are
methods of encouraging someone to display some desired behaviour [11].
By studying how radio astronomers view different incentive mechanisms we
can determine which incentive mechanisms they believe to be most effective
at lowering the environmental impact of radio astronomy.

The goal of this study is to provide a starting point for future research on how
radio astronomers could contribute to lowering the environmental impact of
their research. Therefore this research can help lower carbon emissions of
radio astronomy.

To study this, the following main research question is established:

How could radio astronomers contribute to lowering the environmental
impact of their research?

We perform an exploratory case study, meaning we interview radio astronomers
at ASTRON to examine how they view their carbon emissions and possi-
ble incentive mechanisms. Using Socio-Technical Grounded Theory’s Data
Analysis method [14], we analyse the interviews and deliver a list of recom-
mendations for future research and policy, both to ASTRON and the commu-
nity as a whole.

This document contains a review of the Related Work on radio astronomy, its
computing and carbon emissions, and incentive mechanisms in Chapter 2.
We present the study design in Chapter 3. The results are available in Chap-
ter 4. Chapter 5 contains the discussion. Finally, the conclusions are found in
Chapter 6.



2 | Related Work

Data-intensive research in astronomy comes with high energy consumption [

, 27, 28]. While efforts are made to make High-Performance Computing
(HPC) more efficient through faster parallel computing algorithms [2], an-
other way of reducing this energy usage is by making radio astronomers
more aware of their research’s carbon footprint [27]. Alternatively, energy
consumption can be reduced by creating incentives [25, 27] to motivate users
(radio astronomers in this case) to write or use more efficient code.

Tools can provide insight in the carbon emissions of computing for this pur-
pose; [17], for example, allows a user to enter minimal information about
their finished compute job and the tool estimates the emitted tons of carbon.

Job schedulers for HPC that are energy-aware could incentivise scientists to
lower the energy usage of their compute jobs [12, 19]. These schedulers pri-
oritise jobs from users whose previous compute jobs had lower energy usage.
In [12] Georgiou wrote "while there are various algorithmic and program-
ming techniques to save energy, a user has currently no incentive to employ
them, as they might result in worse performance". This describes the need
to motivate users to change their behaviour. Policies that would motivate or
incentivise users to change their behaviour are called incentive mechanisms.

Incentive mechanisms exist in three forms: financial, social, and gamification-
based incentive mechanisms, as described by Michael Flynn [11]. Financial
incentive mechanisms are bonuses given to reward positive behaviour, for
example when production targets are reached. Social incentive mechanisms
on the other hand, also called reputation or ranking incentive mechanisms,
are incentive mechanisms that revolve around users maintaining a social rep-
utation or status. Lastly, gamification-based incentive mechanisms use game
mechanics to motivate users, constantly rewarding small behaviours to keep
users invested. Each of these incentive mechanisms have specific use cases
and their use can be combined to reach the desired results.

Rewarding people financially for desired behaviour, or financial incentives,
is a complex endeavour that requires extensive research to be applied suc-
cessfully [6].

Social incentives, such as public praising or public shaming, can have a pow-
erful effect on productivity [4]. Ludwiczak wrote that "Knowledge that co-

4



Chapter 2. Related Work

operative effort intentions will be made public is likely to lead to increased
willingness to exert cooperative effort." [15], while Babcock found that team
compensation is a strong social incentive, while also being more cost effective
than individual compensation [5].

A literature review on gamification shows that gamification-based incentives
can work but come with caveats [13]. A majority of the reviewed studies
showed positive effects from gamification, but most of these studies linked
these positive effects solely to the gamification used in the studies.

10



3 | Study Design

This chapter describes what an exploratory case study is, what research ques-
tions we will use in this study, how to conduct interviews and collect data,
and how to analyse this data using Socio-Technical Grounded Theory.

3.1 Methodology

As this study is exploratory, having the objective of "seeking new insights
and generating ideas and hypotheses for new research" [23], the primary data
being qualitative, and the design being flexible, the form of an exploratory
case study [23] fits this study well. Runeson and Host describe five stages for
a case study:

1. Case study design: objectives are defined and the case study is planned.

2. Preparation for data collection: procedures and protocols for data col-
lection are defined.

3. Collecting evidence: execution with data collection on the studied case.

4. Analysis of collected data: an analysis is performed and results are
gathered

5. Reporting: write thesis and present data to target audience

In the following sections we will further explain these five steps plus an ad-
ditional step "Ethical Considerations" to lay out the study design.

3.2 Case Study Design

The plan for a case study contains the following elements [23]:
1. Objective—what to achieve?
2. The case—what is studied?
3. Theory—frame of reference

4. Research questions—what to know?

11
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5. Methods—how to collect data?
6. Selection strategy—where to seek data?

The meaning of these items can be found in the following subsections.

3.2.1 Objective

The objective of the study is to understand how radio astronomers believe
they could reduce the carbon emissions of their research. Future research
could then delve deeper into these perceptions to see how effective the found
methods or policies would be at lowering the carbon emissions of radio as-
tronomy:.

3.2.2 Case

The case of this study is radio astronomers (i.e. practitioners) at the ASTRON
institute, and in particular their perception of the carbon emissions and en-
vironmental impact of their research.

3.2.3 Theory

Since this is an exploratory case study, there is no specified theory [23].

3.2.4 Research questions

To answer the main research question, the following research questions have
been established:

RQ1. How high a priority is lowering the environmental impact of their re-
search for radio astronomers?

RQ2. How aware are radio astronomers of their research’s environmental im-
pact?

RQ3. What incentive mechanisms do radio astronomers expect to be effective
at reducing the carbon emissions of their compute jobs?

Any action trying to incentivise radio astronomers to lower the environmen-
tal impact of their research will vary in impact depending on how high a
priority the environmental impact is to radio astronomers. For that purpose,
we need to first establish their attitudes in this matter (RQ1). If the radio
astronomers are not aware of their environmental impact, increasing aware-
ness could affect how high a priority their research’s environmental impact
is to them (RQ2). Finally, by investigating what incentive mechanisms ra-
dio astronomers expect to be effective at reducing the carbon emissions of
their compute jobs (RQ3), we could provide future research with leads on
what directions radio astronomers expect to be most effective at reducing the
environmental impact of their research.

12
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3.2.5 Methods

We interview radio astronomers at ASTRON. These interviews are one-on-
one, with one interviewer and one subject, and contain open questions. The
audio of these interviews is recorded if the subjects consent to this. These
recordings are transcribed using OpenAl’s Whisper. This is software that
runs locally and keeps all input, intermediate, and output data on the local
device. The resulting transcriptions are then manually verified in their en-
tirety and corrected where needed. The interviewer also keeps handwritten
notes during the interviews to help during the transcription and coding pro-
cess. The audio recordings of the interviews are deleted after the text tran-
scripts are processed and verified. The collected data is then analysed using
Socio-Technical Grounded Theory’s analysis component [14].

Socio-Technical Grounded Theory

Rashina Hoda’s Socio-Technical Grounded Theory [14] (STGT) is a method
that is used when conducting socio-technical research. Its full method can
be used for the entire process of research, but it also provides a method that
is only used for data analysis, allowing researchers to use other methods or
procedures for the rest of their research, such as the data collection step. We
use the data analysis method of STGT. STGT’s basic data analysis method
uses its principles of open coding and constant comparison. Coding is a
process that takes raw data in text form and shortens it to better represent
its meaning. Open coding [14] is a form of coding used at the start of the
data analysis where there are no wrong codes; all codes that result from the
coding process are accepted, resulting in a large amount of codes covering a
wide area. Constant comparison [14] is a process where patterns are identi-
tied among codes within the same source and within different sources. The
principles of open coding and constant comparison are used in this study to
identify patterns across the extracted quotes. STGT’s basic analysis also uses
basic memoing [14]. Basic memoing is a process where the researcher notes
down any thoughts or ideas that result from the data analysis. This allows
the researcher to reflect on their analysis and the resulting memos can be used
for theory development. By using the data analysis component of STGT, de-
scriptive findings can be produced [14]. Combining these with memos can
lead to preliminary hypotheses [14].

3.2.6 Selection Strategy

The subjects for this study have been randomly selected from a list of re-
searchers at ASTRON to avoid any selection or volunteer bias. The selected
subjects have been invited to participate, availability permitting, and are of
course free to decline to participate in the study. A total of nine interviews
took place. There are three different types of subjects that were interviewed;
four PhD students, three postdocs, and two staff members. This division was
done to study the differences across these three different experience levels.

13
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3.3 Case Study Protocol

A case study protocol is written which is read by the interviewer in each
interview. The protocol contains an explanation of the case study, a section
explaining that the interview is recorded and asking the subject for their per-
mission to record the interview, an explanation that the subject’s identity is
kept anonymous, the interview questions, a summary of the major findings
of the interview, and a thanks at the end of the interview. After the subject
gives permission to record the audio of the interview, a test recording with a
test question, "What is your favourite telescope?", is made and played back
to ensure that both the interviewer and the subject are audible.

The interview is fully structured [23]; this means that the protocol should be
followed to the letter during each interview, to make sure that each subject
is asked the exact same question. However, we allow space for discussion
based on the response of the subject and for the interviewer to ask follow-up
questions.

The case study protocol for this study can be found in Appendix A.

Pilot interviews

After establishing the case study protocol, three pilot interviews took place
to test and fine-tune the protocol and the interview questions. After each
pilot interview both the interview and research questions were fine tuned.
The pilot interviews showed us that subjects appreciate follow-up questions
as they show that the interviewer is paying attention to what the subject is
saying.

Before the first pilot interview, we had not yet established and explained
to the subject that the interviewer would read out the questions verbatim,
which led the interviewer starting questions with "You already said this, but"
and then asking a question, in cases where an answer or a partial answer
to the question was already given by the subject as a response to another
question. Noticing this, we decided to follow the script verbatim and explain
this to the subjects at the start of the interview.

The second pilot interview was conducted in Dutch. At this point in the
study, we had two interview protocols, one in English and one in Dutch, and
we would ask the subjects in which language they would like to be inter-
viewed. After conducting the second pilot interview, we decided to stick to
English for the interviews, to avoid having to maintain two interview pro-
tocols and to make transcribing as well as extracting and coding quotes a
simpler process.

Initially only two pilot interviews were planned. Both would take place on-
line. After the second pilot interview however, we decided to plan a third
pilot interview, this time in person, to allow the interviewer to practise inter-
viewing in person before the main interviews would take place.

14
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The third pilot interview was brief as the subject was available for only 30
minutes, whereas the first two pilot interviews took around an hour. This
gave the interviewer a chance to see how much value they can get out of the
interview’s data if the interview would have to be brief.

3.4 Ethical Considerations

At the start of an interview the subject is asked for permission to record the
audio of the interview. Only after giving permission is the recording started.
The identity of all subjects is kept secret. Any data that could identify a sub-
ject is aggregated and anonymised in such a way that the data can not be
used to identify any subject. This is of vital importance to ensure that the
subjects feel free to discuss matters about their work environment, their col-
leagues, their boss, or anything that might reflect negatively on themselves.
Because of this, the transcripts of the interviews are not publicly available.
The raw data of this study, consisting of text transcripts of the interviews
and extracted and coded quotes, are kept privately by the university for as
long as legally required and no longer.

3.5 Data Collection

We collect data through interviews, i.e. a first degree method [23]. Follow-
ing the case study protocol found in Section 3.3, the interviews are recorded
and transcribed, after which quotes are extracted from the transcripts and
added to a spreadsheet. The quotes are extracted per research question, first
extracting all quotes from interview questions QM1-1 through QM1-3 from
interview 1, then extracting quotes from interview questions QM1-1 through
QM1-3 from interview 2, then from interview 3, et cetera. An example of
these extracted quotes can be seen in Figure 3.1. At this point all the data
is collected and ready for analysis. This process is also applied to the pilot
interviews to allow us to practise this data collection process before applying
this process on the main interviews.

3.6 Data Analysis

As seen in Figure 3.1, the extracted quotes are coded using the open cod-
ing principles from STGT, explained in Section 3.2.5. Data collected from the
pilot interviews was meant to be analysed to allow us to practise the data
analysis process, but due to time constraints this process was skipped. By
combining codes and looking at the quotes connected to them, we can estab-
lish patterns among the quotes and their codes. Observing these combined
quotes results in statements that can then be written down and verified by
checking other quotes and related codes. These statements are then linked
to relevant research questions, or placed in Section 5.2, where the emergent
results of this study are discussed. The memos are checked to see if any

15
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A B c D E F G H 1 J
! environmenta is is not telescope
Q = # = Role = Text = impact = aware = aware = travel = computing= operation =
2 |QM2-1 1 Postdoc Yeah because I'm curious because | g X b
3 |QM2-2 1 Postdoc | am thinking that the largest environm X X X b
4 |QM2-2 1 Postdoc data storage and data transfer are defi x x
5 |QM2-4 1 Postdoc | guess the most direct interaction with X X X
6 |QM2-1 2 Staff Not really, | guess. | mean, | know it m X X X
T|amz2-2 2 Staff compared to other people, like other jc X X X
8 [QM2-3 2 Staff Probably the travel. But | don't know. | X X X
9 |QM2-4 2 Staff No. In the sense that, like, | could mak X X X
10 [QM2-4 2 Staff | say no, because | think things that re X X
M| QM2-4 2 Staff | think ASTRON is kind of on the right X X
12 (QM2-2 3 Staff It's the compute power, so the power ¢ x x X % X
13 [QM2-4 3 Staff By discussing the power usage and al: X X X
14 [QM2-1 4 PhD We use so much power and energy ar X X
15 (QM2-1 4 PhD ‘Yeah, because we use a lot of energy x x %
16 |QM2-3 4 PhD | actually think that the cluster and all t X X X X X
17 (QM2-2 5 PhD It basically ends up with us having a lo X X X
13 [QM2-2 5 PhD how many rubbish we have sent in the X X x
19 [QM2-3 5 PhD My work definitely is traveling and cor X X X X
20 |QM2-1 6 Postdoc It's nice to know that in some ways we x x

Figure 3.1: A sample of quotes belonging to interview questions for RQ2 with
their corresponding codes

patterns are missed. If an interesting statement is spotted in a memo, the
statement is verified by finding quotes or codes related to the statement.

3.7 Reporting

The case study design, its protocol, the data analysis process, the findings,
and the conclusion are reported in this document and presented in person
both at the Rijksuniversiteit Groningen and at ASTRON. The presentation at
the Rijksuniversiteit Groningen had an audience of fellow Computing Sci-
ence Bachelor students and supervisors during a colloquium where all Com-
puting Science Bachelor students presented their thesis. The audience had
a chance to ask questions after the presentation. The presentation at AS-
TRON was for an audience of ASTRON employees and management during
a lunch provided by ASTRON. All subjects of this study were invited to this
presentation. This presentation was followed by an open discussion where
audience members could discuss the findings among themselves, or discuss
them with the researchers.

16



4 | Results

In this chapter we will show the results of this study using the data analysis
as described in Section 3.6. The findings in this chapter are organised by
research question.

4.1 Subject Demographics

Table 4.1 shows an overview of the demographics of each subject. The years
of experience are shown as a range to ensure that subjects remain anony-
mous.

Table 4.1: Subject demographics

. . Years of
Subject Position experience
1 Postdoc 5-10
2 Staff >15
3 Staff >15
4 PhD 0-5
5 PhD 0-5
6 Postdoc 0-5
7 PhD 0-5
8 PhD 0-5
9 Postdoc 5-10

When asked about the scale of the computing that the subjects do, 56% men-
tion mostly using their laptop for their compute jobs. The remaining 44%
mostly or exclusively use clusters for computing needs and talk about doing
a lot of computing for their research.

4.2 RQ1: How high a priority is lowering the en-
vironmental impact of their research for radio
astronomers?

Overall, the subjects state that the carbon emissions of their computing jobs

have a low priority to them. They give the trustworthiness of their scien-
tific output, their own time, the timeliness of their research, and the required

17
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Table 4.2: Professional versus personal priorities among subjects

. Professional Personal
Subject L S
priority priority
1 - -
2 Low High
3 Medium Medium
4 Low -
5 High High
6 High High
7 High High
8 Low High
9 Low High

compute time a higher priority in general than the carbon emissions of their
computing jobs. A majority of the subjects say that in their personal life,
outside of work, the environment or their environmental impact has a high
priority. A majority of the subjects state that the carbon emissions of the com-
puting needed for their research has a low priority. Both these findings can
be seen in Table 4.2. Subject 1 did not answer the priority question and did
not talk about personal priority, subject 4 did not talk about personal priority.

I have the opinion that exponential growth is a complete failure of society
and that we shouldn’t be pushing towards bigger is better

What becomes clear from the interviews is that the environmental impact of
their research is intangible to the subjects; it lacks context to them or seems
far away.

Because intellectually I go, oh, that should be high. But the reality is,
because it’s offset from me, I don’t feel it, so I don’t actually think about
it or care.

The subjects see the environmental impact of their research as just another
resource. Due to the seemingly abundant availability of computing power to
the researchers, they feel no need to optimise their code.

if I think something takes too long, I can just throw a couple more CPUs
at it instead of having to figure out a new way to calculate this thing.

the cluster already exists. It uses power even if we’re not using it for
intensive computing at the moment. I mean, it uses a little bit of power.
It’s not like it’s using full power, but it’s on.

18
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This all shows that lowering the environmental impact of their research is a
low priority for the interviewed radio astronomers.

4.3 RQ2: How aware are radio astronomers of their
research’s environmental impact?

Two subjects speak of the positive environmental impact that radio astronomers
can have by using their expertise to show the community that there is no
backup planet out there and that they thus need to be careful with the one
planet that we have.

we can have a positive environmental impact by using our platform as an
outreach tool to share this knowledge in a possibly a bit more objective
way than people would take it from politicians.

give a public talk on exoplanets and one of the points I can and do make
regularly is while we find all these exoplanets, none of them look like a
planet B.

All subjects agree that their research has a negative environmental impact.

However, some try to downplay their research’s environmental impact. When
asked if they believe that their work has an environmental impact, subjects

replied:

I guess I'm not sure how I would see it outside of me living my regular
life anyways, or doing any other job, you know, given the amount of
computing I generally use.

It’s one of those things where it’s just there’s no other option for the mo-
ment.

While the quote below might be a factually correct statement, it shows the
subject downplaying the responsibility for the environmental impact of their
research, by portraying it as a small component of the overall environmental
impact:

I think the contribution to carbon emissions from maintaining telescopes
are relatively negligible compared to most other sectors of the economy.

Subjects also talk about not feeling like they can lower the environmental
impact of their research, they feel like a small cog in a bigger machine.

19
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It’s not like a single person can change a lot which I sometimes find a bit
pessimistic about.

A minority of the subjects do not know how to lower the environmental im-
pact of their research, specifically on the computing side. The quote below
talks about not knowing how to improve code, or not wanting to invest the
time in learning to improve their code. This links back to the priority re-
search question; to this subject, time is a higher priority than lowering the
environmental impact of their computing jobs.

maybe I could write more efficient algorithms or something, [ don’t know.
Not really. That one’s outside my skillset. I write terrible computer code.
Or it would just be a huge investment of my time to learn.

The subjects that know how to improve their code and thus lower the en-
vironmental impact of their computing jobs are under the impression that
it would not have all that much impact. When asked if they believe that
they can help reduce the environmental impact of radio astronomy, a subject
replied:

creating more optimised code, yes, but that can only do so much really.

Put together, this shows that overall the subjects are not aware of the environ-
mental impact of their research. They do not know any numbers of carbon
emissions in radio astronomy, nor do they have a concrete idea of what com-
ponents of their research have the highest environmental impact.

Travel

ASTRON's office is in a remote location to avoid radio interference. Em-
ployees commuting to the ASTRON office from or through major train hubs,
like Zwolle to the South or Groningen to the North, get off their train at
Hoogeveen Station. From Hoogeveen there is no public transport to AS-
TRON's office. The only travel options are a 35 minute bicycle ride or a
shuttle bus that ASTRON organises for which employees have to pay out
of their own pocket, €10 a day. The shuttle busses only go to the office from
Hoogeveen once a day, Monday through Thursday, at 09:20, and leave from
the office to Hoogeveen once a day, Monday through Thursday, at 17:10. As
there is some time between the trains to and from Zwolle and Groningen
and the shuttle bus only goes once a day, if a shuttle bus contains both peo-
ple taking a train south and people taking a train north, one of those groups
always has to wait at the station for around 15 minutes before their train ar-
rives. This all means that employees who want to commute environmentally
friendly are sacrificing their own time and money to do so. This is a topic
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that the subjects talked about at length during the interviews.

A majority of the subjects talk about travel being a big component of the
environmental impact of their work. The subjects are more aware of the en-
vironmental impact of their travel than that of any other component of their
work.

I would say the factor that I think is the largest, but also the factor that I
think about the most because it’s something I could control is travel.

Travel appears to be the most tangible component to the subjects” environ-
mental impact; it is easily measurable and is done on an individual level.

I think the most avoidable is travel.

A minority of the subjects talk at length about the inconvenience of the shut-
tle busses not properly connecting to the trains. It is in this context that a
subject said:

ASTRON won’t do anything that costs money

The subjects believe that ASTRON will not put its money where its mouth is
when it comes to the commute from the train station to the office.

supposedly they’re, like, putting together a business plan to get their
own shuttle bus, but it’s, like, it would cost money, but they could just
book another taxi a day

And then even while taking the train and then taking the shuttle, you
still have to pay for the shuttle. That amounts to 10 euros a day, which
is, I think, considerable. I don’t do that usually. People usually carpool,
which I understand.

The subjects also believe that cheaper and more convenient environmentally
friendly travel options for commute would motivate them to use these travel
options rather than driving their own car to work.

they could motivate people to not drive here but take a shuttle bus here,
which is better for carbon emissions, by having more shuttle buses or
that were, you know, better timing.
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So the other ways in which ASTRON is motivating us to reduce envi-
ronmental impact is, so as employees of ASTRON [..] we do get an NS
business card. So we’re motivated to take public transport in that way.
Then there’s also the fact that the shuttle bus doesn’t actually connect
that well to the trains, especially from Groningen.

4.4 RQ3: What incentive mechanisms do radio as-
tronomers expect to be effective at reducing the
carbon emissions of their compute jobs?

A minority of the subjects state that they are not trained software engineers.

They do not know how to optimise their code and thus are not able to reduce
the carbon emissions of their compute jobs in that way.

But I think like many astronomers, I'm also kind of like self-taught in
how to code.

we have never really been taught how to code very efficiently

Another minority of the subjects do know how to optimise their code but do
not have the time to do so.

writing more efficient code takes more time and sometimes you just don’t
have that, so if there’s an understanding from management that they
want us to be more green but that will take more time then they can
give us the extended deadlines to meet that more than anything else.

This links back to the priorities discussed in Section 4.2, where it is shown
that for the subjects, time is a higher priority than the carbon emissions of
the researcher’s computing. Here there is also another priority involved; if
the subjects are given the same time to do their research as they are given
now but they are expected to write optimised code that runs more efficiently,
then they will have to sacrifice another resource, which might be the accuracy
or trustworthiness of their results.

if you just want to throw incentives at it and then tell people, oh just do
the same thing but 30% faster, and then just throw money at them if they
manage to do that, then sure, you could try that, but it will probably just
result in more errors and issues more than anything else.

When discussing what ASTRON policies the subjects are aware of that mo-
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tivate researchers to lower the environmental impact of their research, they
note that there are discussions held among employees about the topic, but
the majority of the subjects believe that management is not doing much to
reduce the environmental impact of research done at ASTRON.

I don’t see, apart from some discussions, and sometimes we have group
meetings, but I don’t see really an intention to reduce the impact.

When asked how the subjects would feel about being incentivised to lower
the environmental impact of their research, there are different responses but
there is one clear undertone; a majority of the subjects state that the burden
of lowering the environmental impact of their research should not be put on
the shoulders of individuals.

I think I wouldn’t do it on a single-person level at this moment. I would
like the institute itself just to stand up first and say something.

There is no clear consensus among the subjects on what incentives they feel
would work at motivating radio astronomers to lower the environmental im-
pact of their compute jobs.

Two subjects are against rewards for lowering environmental impact out of
principle, they want people to display the wanted behaviour out of moral,
intrinsic reasons.

should you be rewarded for something that should be in your morality,
in your ethics?

I can understand the need for people to feel like they need to be rewarded
for everything but I wouldn’t particularly want that. It’s just something I
would assume would be desired to be the default action more than any-
thing else.

When asked what if people do not have that morality, one subject hopes that
incentive mechanisms other than rewards would get people to change their
behaviour:

I hope that the social pressure at some point will get there as well.

The other subject talks about needing more resources to write more efficient
code:

Then it’s just a question of time and resources really
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Another minority is happy to be rewarded since they already display the
wanted behaviour.

I would very much like that because at the moment I'm doing that with-
out a reward.

A third minority likes the idea of a reward as they feel it will be a good
driver for change, noting that learning to improve takes time and should
be compensated.

I think that would be very good, because that would also mean that you
would try to work more efficient, because what happens these days, at
least in radio astronomy, is that people are writing software that works,
but it’s not efficient.

I would think that would be a great initiative because then you can en-
courage people to improve their impact on the environment without nec-
essarily having direct negative consequences associated to it.

I think it’s good because we should promote people to take some initia-
tive. And it also does take time to learn how to program more efficiently
and to learn all of it.

Some think limited resources would incentivise them.

If I had limited computing resources I would be very focused on trying
to get the most out of what I have. Currently what we have is we have
quite a lot of computing resources and we haven’t even fully reached the
full potential of that yet. So we’re not even fully using all of the resources
we do have.

So like if maybe it was like, okay, you can only apply to this grant pro-
gram, you know, if you're staying within these limits.

However, this might limit their scientific output.

people are going to really be very carefully considering their budgets,
which on the one hand is a very good thing, on the other hand could be
a limiting factor for progress in science as a whole.

What the subjects believe to be the most effective way of incentivising them
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to lower the environmental impact of their research is increased awareness.

I would definitely like to know and it might definitely be a factor of how
much time I spend looking at the code before I run it. Like how many
test runs do I do or how, yeah, that might, I think that might influence
my judgment of that for sure.

All in all there is no consensus on what incentive mechanisms the subjects
expect to be effective at reducing the carbon emissions of their compute jobs.
While the subjects do not agree on what incentive mechanisms would work,
most believe that using the right incentive mechanisms can lead to the de-
sired results. The main topic that the subjects agree on is that a majority
of the subjects expect their behaviour to change as their awareness grows.
Lastly, they do not see their individual efforts on reducing environmental
impact as effective; they deem institutional action necessary.
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In the previous chapter, we presented the results of our case study. We now
take a look at what these findings mean and how these findings might be
used to create policy that could lower the environmental impact of radio as-
tronomy:.

5.1 Implications

Now that we have answers to the individual research questions, we can go
back to the main research question and answer it with a list of recommen-
dations both to ASTRON and the wider radio astronomy community. These
recommendations warrant future research to study how effective they would
be.

How could radio astronomers contribute to lowering the environmen-
tal impact of their research?

They could contribute through the following actions and personal and or-
ganisational levels:

1. Increase awareness

Contextualise environmental impact

Stop treating computing as an abundant resource
Teach radio astronomers to better optimise code
Allow for more time to be spent on optimising code

Reward environmentally friendly travel

N o @ o= LW DN

Lead by example

5.1.1 Increase awareness

The subjects lack awareness of the environmental impact of their research
and believe that higher awareness will cause them to change their behaviour.
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The subjects believe that live insight into their carbon emissions, with pre-
cise data that shows how many tons of CO; have been emitted as a result
of their compute jobs, will provide this awareness. Tools such as Green Al-
gorithms [17], PowerSensor2 [27], and EAR [8] can provide this awareness
by giving an estimate of tons of carbon emitted through computation. These
tools are easy to use "as it requires minimal information and does not inter-
fere with existing code, while also accounting for a broad range of hardware
configurations" [17].

5.1.2 Contextualise environmental impact

Contextualising the environmental impact of their research will help the sub-
jects form a better idea of the environmental impact of their research and
might incentivise them to lower the environmental impact of their research.
The tool cited earlier [17] provides context to the carbon emissions by equalling
them to kilometres driven in a passenger car or equalling them to long dis-
tance flights.

5.1.3 Stop treating computing as an abundant resource

Because of the seeming abundance of computing resources available to the
subjects, they have little need to optimise their code. By limiting the avail-
ability of computing resources to the researchers, they need to treat the com-
puting power more as a finite resource, requiring them to better optimise
their code to achieve the same results with less computing power used.

5.1.4 Teach radio astronomers to better optimise code

Those of the subjects that want to optimise their code but don’t know how all
make it clear that they would love to be taught how to optimise their code.
We therefore recommend ASTRON to provide radio astronomers with more
training on programming, with a focus on the energy usage and environmen-
tal impact of computing.

5.1.5 Allow for more time to be spent on optimising code

Researchers need time to write more optimised code. The subjects believe
that optimising code takes more time and that if this time is not provided,
more errors will be present in the resulting processed data.

5.1.6 Reward environmentally friendly travel

Travelling environmentally friendly takes more time, whether it is commut-
ing to work by train and shuttle bus or taking a train to a conference rather
than an aeroplane. Researchers who spend their own time to travel environ-
mentally friendly should be compensated for both their travel costs as well
as their travel time to further incentivise environmentally friendly travel.
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5.1.7 Lead by example

The subjects clearly stated that they want to see ASTRON put its money
where its mouth is. Additionally, the subjects are hesitant in being the first
to change when it comes to publications. They prefer to see a more organ-
ised and widely supported effort, led by industry leaders. They want to feel
supported by ASTRON in their efforts to reduce the environmental impact
of their research. The ASTRON management needs to take the initiative and
show its employees that they care and that they will do what they can to
lower the environmental impact of the research done at ASTRON.

5.2 Emergent Results

This section discusses findings that are different from what we expected.

¢ The difference between the personal and professional priorities with
regards to environmental impact are notable. Future research could be
done to study why environmental impact has a lower priority to radio
astronomers in their professional environment than in their personal
life.

* The positive environmental impact that two subjects mentioned, namely
that astronomy shows that no planet has been found that could be a
backup planet for us and thus that we need to be careful with the one
planet available to us, is a pleasant surprise and shows that the envi-
ronmental impact of radio astronomy is not all negative. Though this
type of environmental impact is not in the scope of this study, future
research could study what other positive environmental impact radio
astronomy could have.

¢ The subjects not wanting to be the first to change is an unexpected
tinding; the scientists being hesitant and not wanting to lead change
is not something that we associate with science, where researchers con-
stantly push the limit of what seems possible. This could be indicative
of the performance pressure associated with a scientific position, where
change may lead to decreased science output which might have a neg-
ative career impact.

* During the interviews the subjects talked a great deal about travel. This
gives us a lot of interesting data from an angle that we did not consider
in the interview preparations, but it makes clear how much of a focus
there is among the subjects on the travel component of the environmen-
tal impact of their work.

* Lastly, the lack of major differences between the PhDs, postdocs, and
staff members is contrary to what our expectations were, as we were
expecting to find the more experienced researchers to be more resistant
to change in their work routine and thus we expected them to be less
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enthusiastic about limiting their environmental impact.

5.3 Limitation and Threats to Validity

Having completed the study, the main limitations and threats to validity of
this study are:

1. Interview setup
2. Subject demographics
3. Bias

4. Generalisation

5.3.1 Interview setup

With the benefit of hindsight, several of the interview questions could be im-
proved on. While writing the research and interview questions, we did not
consider that radio astronomy could have a positive environmental impact.
While the main research question talks about radio astronomers lowering
the environmental impact of their research as a whole, the interview ques-
tions for the first research question focus on the carbon emissions of comput-
ing, as this study is looking at radio astronomy’s environmental impact from
a computing science perspective. Additionally, the third research question
is focused on reducing the carbon emissions of the subjects’” compute jobs,
though the corresponding interview questions do not limit the carbon emis-
sions to compute jobs. Lastly, explicitly asking subjects how high a priority
environmental impact is to them on a personal level would have provided
more context to some of our findings, specifically the difference in priority
between the subjects’ personal and professional lives.

The interview questions for the first research question are not successful at
provoking elaborate answers from the subjects, causing a low number of
quotes or other usable data for this first research question. Another limi-
tation is an interview question that was only thought of during interview 6
and could therefore not be used in this study. This question was asked in
interviews 6 through 9, at the end of the interview when all other interview
matters had been finished, to ensure that asking the question did not affect
the rest of the interview. This interview question can be found in the Ap-
pendix, Item QM3-12.

While transcribing and extracting quotes from the interviews, we realised
that the interviewer should have given subjects more time to form a reply
to some questions. Whenever a subject would mention a name or acronym
that the interviewer was not familiar with, the interviewer asked for clari-
fication on the meaning or spelling of the acronym, as otherwise, it might
be difficult to extract the spelling of some of these names from the record-
ings of the audio. These interruptions often did not hinder the interview, but
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sometimes they sidetracked the interview, which resulted in possibly miss-
ing out on interesting information that otherwise would have followed from
the conversation.

5.3.2 Subject demographics

The spread of subjects per group of PhD students, postdocs, and staff mem-
bers is less than ideal. We would have wanted to interview more staff mem-
bers but the scheduling for this unfortunately did not work out. Therefore
while we do note not that "No major differences are noted across the groups
of PhD students, postdocs, and staff members.", we are aware that with so
few staff members interviewed, and given the small total number of subjects,
this statement is as far as we can go, we do not feel comfortable concluding
anything based on this statement.

5.3.3 Bias

While extracting and tagging quotes from the interviews we quickly estab-
lished some patterns. Given human nature, we were expecting to continue
seeing these same patterns in the later interviews or later interview ques-
tions. Therefore there could be bias that prevents us from spotting new pat-
terns, or patterns that contradict earlier patterns. We try to mitigate this bias
by having a second researcher check our work.

5.3.4 Generalisation

We can not generalise the findings in this paper to other radio astronomers,
either inside or outside of ASTRON, as this study only researched the beliefs
of the interviewed subjects at ASTRON.
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To answer the main research question "How could radio astronomers con-
tribute to lowering the environmental impact of their research?" we have per-
formed an exploratory case study by interviewing practitioners in the field
of radio astronomy at ASTRON. Using the Data Analysis method of Socio-
Technical Grounded Theory, we extracted and analysed data from these in-
terviews.

The main findings are that among the researchers there is generally low
awareness of the environmental impact of their research, especially regard-
ing computing, but they are more aware of the environmental impact of their
travel. While environmental impact has a high priority in their personal life,
lowering the environmental impact of their research has a low priority to the
researchers and there is seemingly no need for them to improve, as there is
an abundance of computing resources available to them. The researchers are
very interested in becoming more aware of the environmental impact of their
work. They look for management or higher-ups to take charge of this.

As discussed in Section 5.3, the findings of this study can not be generalised
to radio astronomers other than those interviewed in this study. However,
because of the efforts discussed in Section 5.3.3 to minimise the bias in the
subject selection, the interview setup, and the analysis, we have no reason
to believe that these findings can’t be generalised to other practitioners, i.e.
radio astronomers, both inside and outside of ASTRON. As ASTRON is a
world-leading institute we believe that their radio astronomers represent the
best of the radio astronomy community as a whole. Nonetheless, we do not
know how these findings could change if this study would be replicated
with research software engineers as subjects instead of radio astronomers.
As shown in Chapter 4, some of the interviewed subjects are not educated
software engineers. We could pose the question: should radio astronomers
write their own code in the first place? Should they not instead let research
software engineers write the code for them? As this is not in the scope of this
study, we reserve these questions for the reader and for future work.

Future research could go in two directions: research within ASTRON and
research outside of ASTRON. Within ASTRON, future research could follow
up on this study. A larger case study among ASTRON employees could show
if the findings in this study indeed can be generalised ASTRON-wide. This
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research could focus on what incentive mechanisms would work best at mo-
tivating radio astronomers at ASTRON to lower the environmental impact
of their research, as there is no consensus on this topic among the subjects of
this study. Combining this with future research at ASTRON based on the rec-
ommendations in this paper would allow ASTRON to implement policy that
could further reduce the environmental impact of their research. Outside of
ASTRON, future work could study how to best increase radio astronomers’
awareness of the environmental impact of their research, including how to
contextualise environmental impact for radio astronomers.
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A | Interview Protocol

A.1 Case Study Explanation

The researcher presents the objectives of the interview and the case study, and ex-
plains how the data from the interview will be used.

I am Rik van den Top. I am currently doing my thesis for my Computing
Science Bachelor degree at the Rijksuniversiteit Groningen. This is an ex-
ploratory case study. This means that, through qualitative research, by inter-
viewing researchers like yourself, I am trying to seek insights and hypotheses
for future research. The objective of this study is to investigate the effective-
ness of incentive mechanisms in radio astronomy. In this interview, I will first
ask you some general questions about who you are, what background you
have, and get to know you a little bit, after which we will delve into the main
topic of the interview. I'm following a script to make sure that every inter-
viewee is asked the exact same questions, this means that sometimes I might
ask you a question that you feel you have already answered previously. Af-
terwards, I will summarise my findings from the interview to make sure that
I have properly understood what you have said. I would like to ask your
permission to record the audio of this interview and to use this recording
and your opinions as data for my thesis. After these recordings have been
transcribed, they will be deleted. Any data that could identify you will be
aggregated and anonymised in such a way that the data in my thesis can not
be used to identify you. Participants in the study will not be identified. The
thesis will be published online and will be freely available for researchers. If
permission to record is not given: 1 would like to ask your permission to make
notes during the interview. If permission to record is given: I would like to test
the audio recording, to make sure that it is working and that it is picking up
everything we say. I will now start the recording. Start recording. Test test.
Could you please tell me your name and your favourite telescope? After their
answer: stop recording, listen back, start recording again for the actual interview.
That worked. I will now start the recording for the interview. Do you have
any questions about the information I just explained to you?
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A.2 Subject background/demographics

A set of introductory questions are asked about the background etc. of the subject,
which are relatively simple to answer.

QD1 Could you introduce yourself, and tell me a little bit about who you are
professionally?

QD2 What is your background, what did you study, what did you do before
you came here to ASTRON?

QD3 How did you get into astronomy?

QD4 What do you do here at ASTRON? What is your title and role?
QD5 How many years of experience do you have in astronomy?

QD6 Do you use any computing for your work?

QD7 Where do your compute jobs run and at what scale do they run?

QD8 What resources, local, institutional, or national, do you use for your
computing?

A.3 Main questions

A.3.1 RQ1. How high a priority is reducing carbon emissions
for radio astronomers?

QM1-1 When you are working on your science, what are your priorities?

OM1-2 When you are working on your science, how high a priority is (and
please be concise in your answers):

A. Trustworthiness of your scientific output
Your time

Your PhD’s/student’s/subordinate’s time
Timeliness of your research

Compute time

Research budget

Carbon emissions of computing

X QO m m U N oW

Any priorities that the subject mentioned in QM1-1

]
3

Subject could sort these from highest priority to lowest priority, or
could give each factor its own priority for example on a 5 point
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scale.

QM1-3 Do you do anything to reduce the contributions to climate change from
your scientific work, e.g. to reduce the carbon footprint of your re-
search?

A.3.2 RQ2. How aware are radio astronomers of their research’s
environmental impact?

QM2-1 Do you believe that your work has an environmental impact?
QOM2-2 If so, what do you think this environmental impact is?
QM2-3 What parts of your work have the highest environmental impact?

QOM2-4 Do you believe that, in your job, you can help reduce the environmental
impact of radio astronomy?

A.3.3 RQ3. What incentive mechanisms do radio astronomers
expect to be effective at reducing the carbon emissions
of their compute jobs?

OM3-1 At work, what motivates you to perform better in general?

QM3-2 What do you feel is being done already in your department or organisa-
tion to motivate researchers to lower the environmental impact of their
work? Skip QM3-3 if negative answer to previous question

QM3-3 Do you feel that these policies work for you, are you motivated to lower
the environmental impact of your work?

QM3-4 Do you think that for instance writing more efficient code would lower
the environmental impact of your work?

QM3-5 How would you feel if we would let you know the environmental im-
pact of your computing jobs?

QM3-6 How would you feel if the environmental impact of your computing
jobs was shared with the other researchers at ASTRON?

QM3-7 How would you feel about having to include expected core hours needed
in your observation proposals? Your budget will be determined by this, so
if you underestimate there will be consequences; your computing jobs may be
terminated prematurely. If you overestimate, your research might be denied.

QM3-8 How would you feel about having to include the environmental impact
of your research in your publications?

QM3-9 How would you feel if the environmental impact of your research could
not exceed a certain limit?
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OM3-10 How would you feel about being rewarded for reducing the environ-
mental impact of your research, through for example more efficient
coding, better scheduling of jobs, etc.

QOM3-11 Can you think of any way, method, policy not yet discussed here that
would motivate or incentivise you to be more aware of your environ-
mental impact or to reduce your environmental impact?

A4 Summary

It is recommended that the major findings are summarised by the researcher towards
the end of the interview, in order to get feedback and avoid misunderstandings.

Is there anything you would like to add to what we discussed today?
Summarise major findings.
Question added halfway through the interview process:

QM3-12 Will you now start including the environmental impact of your research
in your publications?

Thank you so much for your time!
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