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ABSTRACT

The goal of the EDEN ISS project is to research technologies for future greenhouses as a substantial part of
planetary surface habitats. In this paper, we investigate crew time and workload needed to operate the space
analogue EDEN ISS greenhouse on-site and remotely from the Mission Control Center. Within the almost three
years of operation in Antarctica, different vegetable crops were cultivated, which yielded an edible biomass of
646 kg during the experiment phase 2018 and 2019.

Operating in such a remote environment, analogue to future planetary missions, both greenhouse systems and
remote support capabilities must be carefully developed and assessed to guarantee a reliable and efficient
workflow. The investigation of crew time and workload is crucial to optimize processes within the operation of
the greenhouse. For the Antarctic winter seasons, 2019 and 2020, as well as the summer season 2019/2020, the
workload of the EDEN ISS greenhouse operators was assessed using the NASA Task Load Index. In addition, crew

time was measured for the winter season 2019.

The participants consisted of on-site operators, who worked inside the EDEN ISS greenhouse in Antarctica and
the DLR remote support team, who worked in the Mission Control Center at the DLR Institute of Space Systems in
Bremen (Germany).

The crew time results show that crew time for the whole experiment phase 2019 required by the on-site
operator team 2019 is approximately four times higher than the crew time of the corresponding remote sup-
port team without considering planning activities for the next mission. The total crew time for the experiment
phase 2019 amounts to 694.5 CM-h or 6.31 CM-h/kg. With the measurements of the experiment phase 2019 it
was possible to develop a methodology for crew time categorization for the remote support activities, which
facilitates the analysis and increases the comparability of crew time values. In addition, the development of
weekly and monthly crew time demand over the experiment phase is presented.

The workload investigations indicate that the highest workload is perceived by the remote support team
2019 + 2020, followed by the summer maintenance team 2019/2020. The on-site operator team 2019 and on-
site operator team 2020 showed the lowest values. The values presented in this paper indicate the need to
minimize crew time as well as workload demands of the operators involved in the operation of future planetary
surface greenhouses.

plants during planetary surface missions will help to produce oxygen,

1. Introduction reduce carbon dioxide, manage waste products and recycle water
(Wheeler 2010). Moreover, plants have a positive impact on mental

During long-term space missions it is necessary to address the serious health and human performance by reducing depression and anxiety, and
problem of a lack of certain nutrients and vitamins (Smith et al., 2005; increasing attentional capacity and self-esteem, among other benefits

Douglas et al., 2016; Cooper et al., 2017). The cultivation of higher (Bates et al., 2009; Bringslimark et al., 2009; Odeh, Guy 2017) and the
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Nomenclature

AWI Alfred-Wegener-Institute
CM-h Crew Member-hour
CM-min Crew Member-minutes
CPO Cold Porch

CT Crew Time

DLR German Aerospace Center

ECLSS  Environmental Control and Life Support System
FEG Future Exploration Greenhouse

HI-SEAS Hawaii Space Exploration and Analog Simulation
1SS International Space Station

MCC Mission Control Center
MDRS Mars Desert Research Station

MRE Meals Ready to Eat
MTF EDEN ISS Mobile Test Facility
NDS Nutrient Delivery System

NMIII  Neumayer Station III

00T On-site Operator Team

RST Remote Support Team

SEM Standard Error of the Mean

SES Service Section

SMT On-site Summer Maintenance Team
SPFGC  South Pole Food Growth Chamber
TCS Thermal Control System

TLX NASA Task Load Index

WL Workload

consumption of fresh vegetables is beneficial to the physical and psy-
chological health of the crew (Australian Antarctic Division 1994; Ber-
kovich et al., 2009; Giagbska et al., 2020).

Concepts for planetary surface habitats on the Moon and Mars
include greenhouses as part of an independent food production system
for the astronauts. Examples of ground-based test-beds include NASA’s
Biomass Production Chamber (Wheeler et al., 2003), the Lunar Green-
house (Sadler et al., 2011), the South Pole Food Growth Chamber
(Patterson et al., 2012), the Arthur Clarke Mars Greenhouse in the Ca-
nadian high Arctic (Bamsey et al., 2009), the series of BIOS projects
(Salisbury et al., 1997), or the Lunar Palace (Fu et al., 2016).

Within the EDEN ISS project, a greenhouse facility was built in
Antarctica to test key technologies for use in future planetary surface
greenhouses under extreme environmental and logistical conditions
(Zabel et al., 2016; Schubert et al., 2018; Zabel, Zeidler 2019; Vrakking
et al., 2020b). The greenhouse, called Mobile Test Facility (MTF), was
installed near the Neumayer III Antarctic Research Station (NM III,
70°408S, 8°16W), which is operated by the Alfred-Wegener-Institute for
Polar and Marine Research (AWI) (Gernandt et al., 2007; Wesche et al.,
2016). The greenhouse is operated by at least one on-site operator, who
is part of the NM III wintering crew, with support from the Mission
Control Center (MCC) at the German Aerospace Center (DLR) Institute of
Space Systems in Bremen (Germany).

Due to its similarities with the Moon and Mars, the Antarctic envi-
ronment has been selected over other sites on Earth. It serves as an
important space analogue test site due to its environmentally harsh
conditions and low biodiversity. In addition, the crew of the NM III
Antarctic research station has a size of nine people during the winter
season and is highly isolated and dependent on technology, which is
similar to aspects of future space missions on planetary surfaces.
(Bamsey et al., 2014; Zabel, Zeidler 2019) The crew also has to face
several limitations, including the lack of resupply during the winter
season and limited communication via a permanent satellite link with
AWTI in Bremerhaven (Germany), which has a low data bandwidth of
approximately 1-2 Mbit/s for the whole research station (Kohlberg
et al., 2017). Another similarity between the NM III wintering crew and
future astronauts is the importance of crew time (CT) utilization. A
significant fraction of the wintering crew’s CT is required for scientific
activities, so the CT effort to maintain NM III as well as the EDEN ISS
greenhouse should be minimized as much as possible.

The first contribution of this paper is to provide detailed CT estimates
for the experiment phase 2019 (April to November). The objective is to
add relevant CT data, associated with the corresponding edible biomass
production, to the field of research while providing insights into the CT
demand of the on-site operator team (OOT) for the EDEN ISS space

analogue greenhouse and the CT' demand of the remote support team
(RST) in the MCC. In addition, the development of CT of the two teams
and the CT distribution between the two teams over the course of the
experiment phase 2019 is analyzed. Derived from the measured CT
values for the RST 2019, a methodology is presented to categorize the CT
needed for remote support. The second contribution is to provide an
assessment of workload (WL) regarding the operational activities related
to a space analogue greenhouse. To achieve this, the WL of the OOTs
during the experiment phases in winter season 2019 and 2020, of the on-
site summer maintenance team (SMT) during the summer season 2019/
2020, as well as of the RSTs during the experiment phases 2019 and
2020, is assessed using the NASA Task Load Index (TLX) questionnaire.
Based on the results of the TLX, possible solutions for WL optimizations
are proposed. The final key contribution is the examination of the CT
impact and the WL investigation results for the planning and operation
processes of future planetary surface missions with greenhouses incor-
porated into the habitat infrastructure.

2. Related work
2.1. Crew time and workload in space missions

Efficient use of CT is key for the scientific success of space missions.
CT is a limited and expensive resource on a space mission (National
Research Council 2003; Stromgren et al., 2018). The current pricing
policy rate to support commercial/marketing activities on the Interna-
tional Space Station (ISS) is 130,000 $ per hour (NASA 2019). For
planetary surface missions these costs will increase further. Conse-
quently, CT has to be minimized as much as possible (Eckart 1996;
Bamsey et al., 2009).

Furthermore, Coleshill et al. (2009) reported that 2.5 full-time crew
members were needed for the assembly and housekeeping tasks onboard
the ISS. During that time, the crew onboard the ISS consisted of only
three people. Due to this, only 20 crew member-hours (CM-h) per week
were available for scientific tasks without considering unplanned ac-
tivities (National Research Council 2003). According to Russell et al.
(2006), CT needed for scheduled and unscheduled maintenance of the
Environmental Control and Life Support System (ECLSS) onboard the
ISS was 13 to 15 times higher than the CT value of 50.0 CM-h per year
(1.0 CM-h per week) estimated during the design process. In addition, on

1 The term crew time is normally applied for astronaut crews and not for the
number of hours worked by remote support teams (e.g., mission control teams
on Earth). Nevertheless, the term crew time is also used in this paper for the
working time of the remote support teams to facilitate the crew time compar-
isons between the teams involved in the operation processes of the EDEN ISS
facility.
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Skylab, 0.75 CM-h per crew member per day were considered for
housekeeping tasks, but the actual average value was 1.1 CM-h per crew
member per day. Also, on Mir CT for unscheduled maintenance tasks
was higher than planned, while other activities such as sleep were
reduced to be able to accomplish additional maintenance tasks (Russell
et al., 2006). As a consequence, this could have a negative effect on the
crew’s psychological well-being (Mattfeld et al., 2015) and can conse-
quently endanger the outcome of a space mission. As seen, actual
required CT generally exceeded the planned CT in past space missions
due to higher amounts of scheduled maintenance and unexpected tasks,
so more knowledge and effort is required to define and assess CT needs
for future space missions (Russell et al., 2006).

Aside from CT, also perceived WL is of interest for mission planning.
Negatively perceived or evaluated tasks could adversely affect crew
well-being and should be prioritized for automation if possible. Unfor-
tunately, published literature lacks such baseline CT data and WL
measurements, especially for the operation time of planetary surface
greenhouses, which is heavily needed for planning.

2.1.1. International Space Station

There are publications regarding CT investigations for the ISS, but
none of them are related to plant cultivation activities Russell et al.
(2006); Mattfeld et al., (2015) and Anderson et al., (2015), for example,
reported CT values for a typical workday of the crew onboard the ISS.
The astronauts on ISS work approximately 8.5 CM-h per weekday and
0.3 CM-h per day on weekends with eight days of vacation per crew
member per year (Anderson et al., 2015). One week consists of five
weekdays and two days of weekend.

There is some overlap in the categorization of CT in the literature.
Nevertheless, as there is often only partial overlap, it makes it difficult to
compare the CT values for specific tasks. In Stromgren et al., (2018) a
methodology is presented for CT categorization divided into work and
non-work activities for the ISS, which was also used in Mattfeld et al.,
(2015). Stromgren et al., (2018) subdivides these categories into
sub-categories, activities, sub-activities and operation type. This
simplified methodology of Stromgren et al., (2018) can help to compare
the values of various publications in the future. Furthermore, some CT
values for specific ISS tasks are shown and adjusted with respect to
future Gateway missions.

Mattfeld et al., (2015) discusses a CT model for a crewed Mars
mission and discusses potential utilization time for science activities. But
as mentioned previously, there are no tasks presented related to plane-
tary surface greenhouses. For example, the time needed for meals (12.25
CM-h per week) and preparation (2 CM-h per week) accounts to 14.25
CM-h per week for a Mars surface mission. These numbers solely
consider the use of the meals ready to eat (MRE) without the cultivation
of plants in a greenhouse, which would add additional CT for such
missions and would result in the need to reduce CT for other tasks
presented in Mattfeld et al., (2015) such as for example public relations
or pre/ post sleep.

2.1.2. Planetary surface analogue greenhouses on Earth

Nevertheless, there is also literature with CT values for work in
planetary surface analogue greenhouses on Earth. As reported by
Schwartzkopf (1991) as well as Eckart (1996) in the Russian BIOS-3
experiments, higher plants were cultivated in two phytotrons, each
with 17 m? of growth area for wheat cultivation and 3.5 m? for
miscellaneous vegetable cultivation. During the experiment period of six
months (December 1972 to June 1973) three people were living and
working in the BIOS-3 life-support test bed. CT was measured in
CM-h/d*m? for plant related tasks like planting, harvesting, wheat
grinding, observation, preventive maintenance and nutrient solution
maintenance (Schwartzkopf 1991; Eckart 1996).

Another example of a planetary surface analogue greenhouse is the
Mars-Lunar Greenhouse (Sadler et al., 2011). The daily average of 36
min of labor inside the greenhouse was observed during the nine months
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long Phase 1 of NASA’s Ralph Steckler grant program between 2009 and
2010, where lettuce, tomato and sweet potato were simultaneously
produced as a multi-cropping production system within the single
environment of the Mars-Lunar Greenhouse (Sadler et al., 2011).

Patterson et al., (2012) reported about the winter season from
January to October 2006 at the Amundsen-Scott South Pole Station,
where various crops such as lettuces, herbs, tomatoes, peppers, cu-
cumbers, cantaloupe and edible flowers were cultivated on a growth
area of 22.77 m? in the South Pole Food Growth Chamber (SPFGC). The
CT for the various tasks of the SPFGC operator was tracked and divided
into three categories: a) daily, such as checking the computer and data
acquisition system or watering seedlings, accounted to 1.6 CM-h per
day, b) weekly, such as harvesting or seeding, to 1.5 CM-h per day and c)
monthly, such as filling and mixing concentrated stock solutions, to 0.2
CM-h per day. A total of 23 CM-h per week of CT was needed by the
operator to maintain the SPFGC (Patterson et al., 2012), but not all CT
required to operate the SPFGC was considered in the measurements. For
some tasks related to the greenhouse operations, volunteers were
organized to support the greenhouse operator. The CT of the volunteers
was not included in the measurements (Patterson 2011). Also, the CT for
maintenance and repair activities for the primary hardware systems was
not included (Patterson et al., 2012).

Zabel et al., (2019) investigated the CT for different crop species as
well as complete workdays for the experiment phase 2018 during a
period of 286 days in the course of DLR’s EDEN ISS project. According to
the results of the study by Zabel et al., (2019), the various types of tasks
conducted in a planetary surface greenhouse can be divided into four
categories: crop cultivation, maintenance, repair and science. The CT
required to maintain the system is higher than the CT required for the
plant care. Another finding of Zabel et al., (2019) was the fact that each
crop species requires a different number of tasks to be performed and,
consequently, requires varying amounts of CT during cultivation, so it is
important to choose the most suitable crop for a space mission. This
statement is also supported by Schwartzkopf (1991). In light of this,
Zabel et al., (2019) also emphasized that plants with high mass yield and
low occupation time requirements such as cucumbers, some leafy greens
and lettuces should be grown in a space greenhouse. On the other hand,
herbs, dwarf tomatoes and radishes had the smallest ratios between
yield and needed CT. Indeed, even though radish plants grow very fast,
their CT demand for harvest is higher because they are multiple single
plants and their tuber needs to be separated from the leaves. Addition-
ally, the CT for the greenhouse maintenance, which is strongly depen-
dent on the architecture of systems and components, should be as small
as possible to enable more scientific work during a space mission (Zabel
et al., 2019).

There are also space analogue test sites whose primary scientific
focus is not plant cultivation but which include plant growth facilities on
their premises such as the Hawaii Space Exploration and Analog Simu-
lation (HI-SEAS) missions or the Mars Desert Research Station (MDRS)
missions.

From March to June 2014, a 120-day simulation of a mission on Mars
was conducted at the HI-SEAS analogue test site. (Poulet et al., 2014)
During that period, lettuces (2 x 27 days) and radishes (2 x 20 days)
were cultivated on plant trays under LED lighting in a semi-controlled
environment inside the habitat. Besides the lighting investigations, CT
for plant cultivation operations such as watering, temperature checking,
sowing, or harvesting were measured and reported per task and as total
values. (Poulet et al., 2014)

Since 2002, as described by Poulet and Doule (2014), a greenhouse
module with a growth area of 5 m?, called GreenHab, has been attached
to MDRS via simulated pressurized corridor. CT needed for cultivation of
the plants was recorded for crew 135 (03.02.2014 - 14.02.2014), crew
139(29.03.2014 - 12.04.2014) and crew 140 (13.04.2014 - 27.04.2014).
The greenhouse officer had to take care of all tasks related to the
GreenHab, since no tasks were automated in the greenhouse. The CT
readings in average minutes per day are divided by task, such as
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watering, covering/uncovering plants or harvesting and finally clustered
into daily operations, exceptional operations and maintenance (Poulet
and Doule 2014).

The previously mentioned studies regarding CT have shown that
there is little research on CT especially with focus on planetary surface
greenhouses. Furthermore, we are not aware of any studies regarding CT
of the RSTs of planetary surface greenhouses or WL measurements inside
the planetary surface greenhouse or of the RST. In contrast to the related
work this paper provides a more fine-grained analysis of the CT and WL
for the greenhouse operators on-site and the corresponding RST.

2.2. EDEN ISS

The EDEN ISS MTF is deployed at a distance of approximately 400 m
from NM III on top of an external platform. The NM III supplies power,
water, data and waste processing for the MTF, similar to the relationship
between future greenhouses and habitats. The MTF consists of two 20-
foot-long high cube containers: The Future Exploration Greenhouse
(FEG) container and the Service Section container, which comprises the
Service Section (SES) and the Cold Porch (CPO) as can be seen in Fig. 1.
(Vrakking et al., 2017; Zabel et al., 2017; Zabel, Zeidler 2019)

The fresh vegetables produced in the MTF on a growth area of 12.5
m? are consumed by the wintering crew of the NM III. During the winter
season 2019, approximately 110kg of edible fresh biomass was pro-
duced inside the MTF. In Table 1, the monthly edible fresh biomass
output is depicted as a sum for all cultivated plants. Table 2 shows all
crops cultivated in the MTF during the experiment phase 2019.

3. Crew time and workload recordings within EDEN ISS
3.1. Hardware and mission overview

The NM III is operated year-round. A season in Antarctica is divided
into a summer season (from November to February) and a winter season
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(from February to November). During the summer season, 50-60 people
(Zabel, Zeidler 2019) work at the station to maintain the technical
systems, carry out scientific work and prepare the next winter season.
The previous wintering crew trains the new crew and at the end of the
summer season, the work is handed over to the new wintering crew. The
members of the wintering crew are chosen every year by AWI using a
multi-stage selection process.

During winter season 2018, a tenth wintering crew member from
DLR was at the station to operate the EDEN ISS greenhouse full time on-
site and to conduct a large number of experiments and measurements. In
the course of the 2019 and 2020 seasons, there was no additional
winterer dedicated to the EDEN ISS facility.

In 2019, a team of five people (the station leader, a geophysicist, the
cook and, in off-nominal events, the radio operator and the electrician)
and in 2020 the whole new wintering crew of nine (the radio operator,
two geophysicists, the cook, the meteorologist, the electrician, the air
chemist and in off-nominal events, the mechanic and the station leader)
volunteered to be involved in the nominal operations inside the MTF.
Using predefined procedures for maintaining the systems in an operable
condition, such as exchanging filters or refilling tanks, but also for
sowing, tending and harvesting the plants, or for cleaning of the
greenhouse, these teams operated the MTF with the main focus to pro-
duce fresh food for consumption by the wintering crew. This enabled the
possibility to investigate how a space analogue greenhouse can be
operated in collaboration between a remote team, the RST, and a rela-
tively untrained OOT in Antarctica as well as to examine the related CT,
WL and operation processes (Vrakking et al., 2020b).

As depicted in Fig. 2 the cultivation of plants in the greenhouse
started in winter season 2019 approximately three months after the SMT
2018/2019 left the NM III. This was done because DLR wanted to
investigate the option of restarting the systems of the MTF from the MCC
after a hibernation phase lasting more than 2.5 months (Vrakking et al.,
2020a; Vrakking et al., 2020b), which ended on 06.05.2019 with first
activities of the on-site operators inside the facility. The startup of all the
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Fig. 1. Overview of the EDEN ISS MTF main elements (Zabel et al.,

2016).
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Table 1
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Monthly fresh edible biomass harvest for all crops grown in the MTF during the experiment phase 2019 as reported in Vrakking et al., 2020b. The values were updated,

due to a processing error in Vrakking et al., 2020b.

Month April May June July August September October November Total
Edible fresh weight per month [kg] 0 0 4.97 14.39 29.01 26.67 23.99 11.02 110.04
Table 2
List of all crops grown in the MTF during the experiment phase 2019.
Plant Group Type Cultivar
Frisée Expertise RZ
Romaine Dragoon and Outredgeous
Lettuces Green leaf Waldmann ‘s green
Batavia Othilie RZ
Oakleaf Cook RZ
Asian green Tatsoi and Shungiku
Mustard green Red Giant, Amara and Frizzy Lizzy
Pak choi Rosie and Pak Choi (extra dwarf)
Leafy greens Kale Red Russian and Nero Di Toscano
Swiss chard Bright Lights
Wasabi n/a
Rucola n/a
Herbs Basil, oregano, peppermint, lemon W
balm and water cress
Cherry, Pick-a-Tom,orange, Hoffmanns
Tomato . B
Fruit-bearing crops antzta and Rotkdppchen
Cucumber Picowell RZ
Pepper Cupid and 1601-M
Tuber crops Radish - Raxe
Kohlrabi Superschmelz and Korist

systems in the MTF after the hibernation phase was on 16.05.2019 with
the initial seeding performed two days later by the OOT 2019 . In
contrast to that, the work in the greenhouse in the winter season 2020
already started right after the last member of the SMT 2019/2020 left
the NM III . The OOT 2020 started with a fully functional greenhouse
since the initial seeding was already carried out with the SMT
2019/2020 on 02.01.2020 during the summer season 2019/2020.

The OOT in Antarctica is always supported remotely by the RST in
the MCC. From there, it is possible to remotely control all systems of the
MTF. In addition, the readings of the various sensors of the system, as
well as images of the plants, are visualized on screens in the MCC
(Schubert et al., 2018; Zeidler et al., 2019). One person in the RST is
always the main point of contact for the OOT. Nevertheless, the other
RST members support with their specific expertise (e.g., structure,
horticulture or control systems) as required. The RST analyze the
available information and come up with strategies and tasks to optimize
the plant growth in the MTF. In regular nominal meetings with the OOT,
the tasks for the following weeks are communicated and presented in a
schedule planned by the RST with notes regarding the priority of the
activities. The OOT mostly carry out the planning in terms of when they
do specific tasks in that week, based on local conditions such as weather
conditions and other activities related to the operations of the NM IIIL
The OOT also have the possibility in the meetings to report about the

past days and discuss open points regarding the MTF operations.

Between nominal meetings, the OOT and the RST are in active
communication (also on weekends) about questions the OOT may have
regarding the greenhouse and the status of the operations in the MTF or
in case of off-nominal events such as failures of equipment or issues with
the plants. In such off-nominal events, an automated email is sent to the
RST and to the OOT with information about the issue. The RST then
checks the telemetry data of the MTF and reaches out to the OOT.
Normally, the OOT examines the event on-site and the encountered is-
sues are reported back to the RST. The RST then develops a procedure to
solve the issue, which is afterwards executed by the OOT. Communi-
cation is done via text messages including image transfer, emails, as well
as telephone or videoconferencing calls, depending on the topic and the
time criticality.

A typical workday of the RST 2019 and the OOT 2019 is shown in
Table 7 and Table 8 in the supplementary material.

3.2. Remote support crew time categorization

To better analyze, understand and visualize the CT of the RST 2019
needed for their tasks related to the support activities of the OOT 2019, a
general categorization of their support tasks is required. The investiga-
tion of the CT values of the RST 2019 showed that their tasks could be
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2018
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—
0 17.01.2019 - Arrival SMT
O 15.02.2019 - Departure SMT
e 15.02.2019 - Start of Hibernation Phase 2019 CT on daily basis of
® 29.04.2019 - Start of Experiment Phase 2019 | —  ® OOT 2019 (5 persons)
Antarctic O 29.04.2019 - First Orga Meeting (measured continously)
Mission 2 e 06.05.2019 - End of Hibernation Phase 2019 EFonidailyhaslslon
m RST 2019 (5 persons)
O 16.05.2019 - Startup MTF (measured continously)
O 18.05.2019 - Initial Seeding > Typical workday WL of
0 10.10.2019 - Reduced Plants in MTF m 00T 2019 (2 persons)
. " (measured on 01.02.2020
0 12.10.2019 - Reduced Plants in MTF and 06.02.2020)
0 23.11.2019 - Final Harvest .
i Typical workday WL of
e 23.11.2019 - End of Experiment Phase 2019 = m RST 2019 (1 person)
— (measured on 20.08.2020)
—
0 22.12.2019 - Arrival SMT Typical workday WL of
0 02.01.2020 - Initial Seeding m SMT 2019/2020 (2 persons)
0 19.02.2020 - Departure SMT (measured on 18.02.2020 {2x))
Antarctic
Mission 3 Winter 2020
Typical workday WL of
_ - m OOT 2020 (4 persons)
1 e 19.02.2020 - Start of Experiment Phase 2020 | (measured on 29.03.2020 (2x),
: J . 05.04.2020 and 28.04.2020)
7 g ; Typical workday WL of

2020

m RST 2020 (1 person)
(measured on 16.09.2020)

Fig. 2. Overview of the EDEN ISS MTF mission timeline with information about the measurements on the right side (blank bullet points representing specific

moments in time; solid bullet points representing start/end points of phases).

clustered into the following six categories. These categories are based on
the regularly performed tasks carried out in the MCC and are distin-
guished by type of task (e.g., recurring or non-recurring tasks), scope of
work and by the fact that the task is scheduled or unscheduled:

e Nominal Meetings — Tasks related to weekly or bi-weekly scheduled
meetings via teleconference/ videoconference between the RST and
the OOT. They are utilized to discuss the status of the greenhouse,
plan the tasks of the following week and to discuss open questions
regarding the operation of the greenhouse.

Housekeeping — Tasks related to daily screening of the telemetry
data of the greenhouse such as sensor and actuator data in the MCC
and adjusting setpoints required to control the greenhouse to opti-
mize the growth inside the greenhouse. Telemetry data and pictures
from the plant observation cameras are used to plan upcoming tasks.
Nominal Support — All planned tasks related to the greenhouse
operations, for which the OOT requires support from the RST. These
tasks incorporate scheduled exchange of equipment/filters, prepa-
ration of new working procedures, planning of germination and
harvesting dates, clarifying questions of the OOT such as regarding
plant cultivation or function of systems (excluding science related
tasks). No immediate action is needed.

Off-nominal Support — Tasks which occur unexpectedly and cannot
be planned in advance such as an exchange of broken equipment or a
failure in the control system. Immediate action is required.
Organization Next Mission — Tasks related to planning of the next
summer and winter season at the NM IIL. This incorporates planning

of system improvements and schedules, adjustment of procedures,
planning of experiments, purchasing equipment and shipping of
equipment.

e Science Support — All scheduled tasks related to science activities
done in the greenhouse, where the OOT needs support by the RST
(not applicable for the experiment phase 2019 and thus not consid-
ered in the following). No immediate action is required.

The established remote support task categories can be used as a
generic set of definitions for future planetary surface greenhouse
concepts.

3.3. Participants

A summary of the characteristics of the study participants for the CT
and WL measurements is listed in Table 3 with corresponding detailed
descriptions in subsection 3.2.1 and 3.2.2.

3.3.1. Crew time

During the winter season 2019, the RST 2019, consisting of five DLR
employees, tracked their working time needed to operate the MTF
together with the OOT. All members of the RST 2019 were experts
regarding the systems and procedures inside the MTF. They contributed
to the development and operation of the facility from the beginning of
the EDEN ISS project and gathered additional expertise in the course of
the maintenance work in the MTF during the summer seasons. One
expert even wintered in Antarctica during the winter season 2018 as
MTF on-site operator.
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Table 3
Characteristics of the study participants for the CT and WL measurements.

Life Sciences in Space Research xxx (xxxx) xxx

I(’;zz'l(')tlllc[:pant Measurements Cogll;(())lslilzion Experiences
Remote Support CT 5 DLR employees experts regarding systems and
Team 2019 WL 1 DLR employee procedures inside MTF
Remote Support expert regarding systems and
Team 2020pp WL I DLR employee prgceduris insiﬁe }II\/[TF
On-site Summer .
Maintenance WL 2 DLR employees experts rega'rdl.ng systems and
Team 2019/2020 procedures inside MTF
5 people of not horticultural experts
CT wintering crew unfamiliar with MTF systems
On-site Operator 2019 no operational experience in
Team 2019 2 people of operating a greenhouse
WL wintering crew received basic system training
2019 of three days (w/o plants)
not horticultural experts
4 unfamiliar with MTF systems
. people of . . .
On-site Operator WL winterin no operational experience in
g crew .
Team 2020 2020 operating a greenhouse
received basic system training
of nine days (with plants)

The five members of the OOT 2019, who worked in the MTF during
the winter season 2019, also tracked their time required for their work in
the MTF. The wintering crew members of the OOT 2019 were not hor-
ticultural experts and were unfamiliar with the systems of the MTF prior
to their mission, nor did they have operational experience in operating a
greenhouse. Additionally, though they received basic system training
from the SMT 2018/2019, during three days at the end of the summer
season 2018/2019, this did not include practical work on plants.

3.3.2. Workload

Four different participant groups operating the MTF were surveyed
about their WL. Three of the groups comprised people who have worked
in the MTF on-site, i.e. the SMT 2019/2020, the OOT 2019 and the OOT
2020. The fourth participant group (RST 2019+ 2020) was also
involved in the operation process, but worked on planning and sup-
porting the work inside the MTF remotely from the MCC.

The first evaluation group, the SMT 2019/2020, was comprised of
two DLR employees who can be considered as experts regarding all
systems and procedures in the MTF. They were involved in the devel-
opment of the whole facility (Bamsey et al., 2014) and the testing phase
in Bremen in 2017 (Schubert et al., 2018) as well as in the operation
process since 2018 (Schubert et al., 2018; Vrakking et al., 2020Db).

The second group included two participants of the five OOT 2019
members mentioned in subsection 3.2.1 who worked in the MTF during
the winter season 2019.

The third investigation group included four participants of the nine
OOT 2020 members who worked in the MTF during the winter season
2020. Due to the fact that the initial seeding was already done during the
summer season 2019/2020 together with the SMT 2019/2020 (see

Fig. 2), it was possible, in contrast to the winter season 2019, to train the
OOT 2020 in the interaction with the plants (e.g., sowing, transplanting
or harvesting) in addition to the basic system training provided at the
end of the summer season. In total, the OOT 2020 received nine days of
training, including safety briefings, from the SMT 2019/2020. Never-
theless, they were not horticultural experts and were unfamiliar with the
systems of the MTF prior to their mission, nor did they have operational
experience in operating a greenhouse.

The fourth group comprised two DLR employees, of whom one was
the main responsible person of the RST 2019 mentioned in subsection
3.2.1 and the other of the RST 2020. Both participants can be described
as experts regarding the systems and procedures inside the MTF since
they contributed to the development of the facility from the beginning of
the EDEN ISS project, with additional experience of several stays in
Antarctica as part of the SMTs and one expert even wintered in
Antarctica during winter season 2018 as the MTF on-site operator.

3.4. Measurements

3.4.1. Crew time

The CT in 2019 was measured during the 209 days of the experiment
phase 2019 (see Fig. 2). There were no CT measurements for the winter
season 2020.

The RST 2019 tracked their CT for every specific task manually,
using a watch or smartphone, and individually for every team member
of the RST. The gathered information was documented into an Excel
spreadsheet after a task was executed, with additional information about
observations or other relevant notes. This was done for each day during
the experiment phase 2019. There were no tasks related to remote
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support conducted by the RST after 12.11.2019, nevertheless the MTF
was still in operation until the final harvest during the CT experiment
phase 2019 (see Fig. 2).

In contrast to the RST 2019, the OOT 2019 manually tracked their CT
for the sum of all activities per day, using a watch or smartphone. All
daily activities were filled into an Excel spreadsheet at the end of the
workday in the MTF, together with additional information about ob-
servations or other relevant notes and total time needed for all tasks
performed by the specific OOT 2019 members on that day. This was
done for each day between 01.06.2019 and the day of the final harvest
during the CT experiment phase (see Fig. 2). The CT between
29.04.2019 and 31.05.2019 was estimated based on single point mea-
surements during this period as well as on the average value of the
measured CT needed for the work in the MTF between 03.06.2019 (start
of week 6 of the experiment phase) and 13.10.2019 (end of week 24 of
the experiment phase). All CT values include the 400 m walk from the
NM III to the MTF and back. The time needed for the walk between NM
III and MTF can range from 5 to 20 min each way depending on the
weather conditions (Zabel et al., 2019). For some specific tasks CT
values were documented in detail.

The time needed to perform the measurement for all CT measure-
ments such as looking on the watch and documenting timespans was not
considered. This was done due to the fact that it was only in the range of
a few seconds and for that reason considered as insignificant.

3.4.2. Workload

To get an overview about all WL aspects related to operations of a
space analogue greenhouse and to find potential possibilities for
improvement of the WL, the NASA TLX is used in this work. The NASA
TLX is a multi-dimensional rating procedure that comprises six di-
mensions to assess the WL from one or more operators: mental demand,
physical demand, temporal demand, own performance, effort and frus-
tration (NASA ARC 1986; Hart, Staveland 1988).

The TLX was originally developed for application in aviation and is
used nowadays for a broad spectrum of use-case scenarios such as the
assessment of factors relevant for a successful performance (e.g., team-
work, crew size, fatigue and stress) or the interface design/evaluation of
visual and auditory displays, vocal and manual input devices, as well as
virtual and augmented vision. (Hart 2006)

TLX is a retrospective measure, in which participants rate a specific
task after its execution using a multi-dimensional rating scale. These
dimensions are rated by the participants on a twenty-step bipolar scale,
which ranges from a score of 0 to 100 (in increments of 5). To calculate
an overall WL score out of the six rating scale scores (raw ratings), a
weighting procedure is used to calculate weights. For this purpose, a

Table 4
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pairwise comparison is conducted by the participants subsequent to the
rating of the six dimensions. The raw ratings and the weights are sub-
sequently processed to adjusted ratings and eventually to an overall WL
score with a value ranging from 0 to 100. (NASA ARC 1986; Rubio et al.,
2004; Bustamante, Spain 2008)

The SMT 2019/2020 worked 60 days in Antarctica during their
summer season (see Fig. 2). They assessed their WL at the end of their
summer season on 18.02.2020 (two participants). The two members of
the SMT 2019/2020 worked together approximately 16 CM-h per day in
the greenhouse, including weekends and holidays.

The two participants of the five OOT 2019 members worked on MTF
related tasks during the 209 days of the experiment phase 2019 (see
Fig. 2). They assessed their WL on-site in Antarctica near the end of the
summer season 2019/2020 on 01.02.2020 (one participant) and
06.02.2020 (one participant). Their amount of time spent at the green-
house sums up to approximately 2.6 CM-h per day over this period.
During the period in which the greenhouse was full of mature plants this
value was approximately 3 CM-h per day.

The four participants of the nine OOT 2020 members worked
approximately 2 CM-h per day on MTF related tasks. This group assessed
their WL in the first month of the winter season 2020 on 29.03.2020
(two participants), 05.04.2020 (one participant) and 28.04.2020 (one
participant). This was done to create a group of participants, who were
newly trained and just starting to get familiar with the work processes.
On 19.02.2020, the last member of the SMT 2019,/2020 left the NM III
and handed over a fully functional MTF, with plants inside, to the OOT
2020. This date was chosen as starting date for the experiment phase
2020 and for the assessment of the WL of the OOT 2020 with respect to
activities related to the MTF in the course of the winter season 2020.

The WL of the RST 2019 was assessed on 20.08.2020 (one partici-
pant) for their remote support during the experiment phase 2019 (209
days) and the WL of the RST 2020 on 16.09.2020 (one participant) for
the remote support during the, at that time still ongoing, experiment
phase 2020. Even though the assessment was carried out for two
different experiment phases, the average of the results is presented in
Section 4.2 since the tasks executed by both groups are similar.

4. Results
4.1. Crew time
4.1.1. Overall assessment
Table 4 shows the CT development on a monthly basis for the OOT

2019 and the RST 2019 using the described remote support task cate-
gories over the course of the EDEN ISS experiment phase 2019.

CT development over the course of the EDEN ISS experiment phase 2019 on a monthly basis for the OOT 2019 and the
RST 2019. Values marked with * are estimated based on single point measurements and on the average value of the
measured CT needed for the work in the MTF between 03.06.2019 and 13.10.2019.

CT for RST 2019 [CM-h] Overall
CTior | o o
Time ) ] Off- Orga Total w/o | Total w/ 00T
. Nominal | House- | Nominal . Orga Orga Orga Next
Period . . nominal | Next 2019 e
Meetings | keeping | Support Support | Mission Next Next [CM-h] Mission
PP Mission | Mission [CM-h]
April 0.75 0.00 0.75 0.00 1.50 1.50 0.75% 2.25
May 6.00 5.00 11.25 4.00 26.50 30.50 65.75% 92.25
June 9.75 2.25 5.00 5.00 31.00 36.00 98.25 129.25
July 12.00 5.50 8.75 10.25 35.50 45.75 102.00 137.5
August 12.00 6.25 0.75 22.00 27.75 49.75 109.00 136.75
September 6.75 2.25 0.50 32.50 9.50 42.00 76.25 85.75
October 5.50 0.50 1.50 1.00 10.00 11.00 57.50 67.5
November 0.75 0.00 0.00 14.00 4.25 18.25 39.00 43.25
}{z::;y 53.50| 21.75| 28.50 ‘ 42.25 ‘ 88.75| 146.00| 234.75| 548.50 694.50
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Fig. 3. CT development over the course of the EDEN ISS experiment phase 2019 on a monthly basis for the OOT 2019 and the RST 2019. The OOT CT values for April
and May are estimated based on single point measurements and on the average value of the measured CT needed for the work in the MTF between 03.06.2019 and
13.10.2019. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. CT development over the course of the EDEN ISS experiment phase 2019 on a weekly basis for the for the OOT 2019 and the RST 2019. The OOT CT values for
April and May are estimated based on single point measurements and on the average value of the measured CT needed for the work in the MTF between 03.06.2019
and 13.10.2019. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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The CT for the RST 2019 can be divided into 53.5 CM-h needed for
nominal meetings, 21.75 CM-h for housekeeping activities, 28.5 CM-h
for nominal support and 42.25 CM-h for off-nominal support. This
sums up to a total CT of 146 CM-h for the RST 2019, not considering the
organizational work for the next mission. Adding the CT of 88.75 CM-h
for the organizational work for the next mission, the total CT for the RST
2019 increases to 234.75 CM-h. Dividing these values by the 30 weeks of
the experimental phase 2019, the average amount of approximately 4.9
CM-h per week (without the organizational work for the next mission)
and 7.8 CM-h per week (including the organizational work for the next
mission) can be calculated. By far the highest CT amount occurred
related to organizational work for the next mission followed by the CT
needed for the nominal meetings. CT dedicated to off-nominal support is
on the third rank. The CT needed for housekeeping and nominal support
is nearly the same and has the lowest value for the RST 2019.

The total CT for the OOT 2019 adds up to 548.5 CM-h or approxi-
mately 18.3 CM-h per week using the 30 weeks of the experimental
phase 2019. This amount is almost four times higher than the amount of
CT needed for the remote support in 2019, without the CT for the
organizational work for the next mission, and more than double the total
amount of the remote support CT in 2019, when including the CT for the
organizational work for the next mission. For the period where the
greenhouse was full of mature plants, which was between 03.06.2019
and 13.10.2019, a weekly CT for the OOT 2019 of approximately 21.3
CM-h can be calculated.

The overall CT needed for operating the EDEN ISS greenhouse during
the experimental phase 2019, meaning the sum of the CT of the RST
2019 (without organizational work for the next mission) and of the OOT
2019, is 694.5 CM-h or approximately 23.2 CM-h per week.

10

0.

-]

0.

o

0.

~

4
o

o
»

Time Shares per Operations Team [-]
o o
w w

0.

(8]

0.

HIN

Life Sciences in Space Research xxx (xxxx) xxx

4.1.2. Monthly and weekly development

In Fig. 3 and Fig. 4, the development of the CT over the course of the
experiment phase 2019 is shown on a monthly, respectively weekly,
basis for the OOT 2019 and the RST 2019.

It can be derived from Fig. 3 that the total CT development over the
course of the EDEN ISS experiment phase 2019 for the RST 2019 and
OOT 2019 on a monthly basis shows a similar trend (see also Table 4).
Because the experimental phase 2019 started on 29.04.2019, CT values
for April are almost zero. The CT values for the OOT 2019 increase
during the first months of operation to a maximum of 109 CM-h per
month in August. Nevertheless, it can be seen that the values between
June and August are quite similar and range between 98.25 CM-h and
109 CM-h per month (see also Table 4). The lower value in May of 65.75
CM-h can be explained by the fact that the actual startup of all the
systems in the MTF occurred on 16.05.2019 with the initial seeding two
days later (week 3 in Fig. 4). Only preparation work for the startup of the
system was performed in the beginning of May. Younger plants in the
first months resulted in less work. Also, the monthly RST 2019 CT
(without organizational work for the next mission) increased during the
first months of operations due to the reasons mentioned previously. In
difference to the OOT 2019 CT, it reached a maximum of 35.5 CM-h per
month already in July. This development can also be seen in Fig. 4 with
an increase of CT from week 1 to week 15 (beginning of August).
Nevertheless, the RST 2019 CT values were in a similar range between
week 2 and week 17, when not considering CT for off-nominal events
and organizational work for the next mission (see Fig. 3 and Fig. 4).

Only week 6 in Fig. 4 shows a higher CT amount of 33.75 CM-h per
week, which is also the maximum value of all weeks of the experiment
phase 2019. During that week, the OOT 2019 had to counteract a
massive growth of biofilm inside the nutrient solution and in the

Operations Team:

B oor2019

RST 2019

1 2 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
Week Number in Experiment Phase 2019

Fig. 5. Development over the course of the EDEN ISS experiment phase 2019 on a weekly basis for the time shares of the total CT for the OOT 2019 and the RST 2019
(without organizational work for the next mission) related to the overall CT. The OOT CT values for April and May are estimated based on single point measurements
and on the average value of the measured CT needed for the work in the MTF between 03.06.2019 and 13.10.2019. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
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nutrient lines, which resulted in a lot of work to clean the system. In
addition, a failure of the thermal control system (TCS) occurred, which
had to be handled as quickly as possible to keep the plants alive. The free
cooler valve of the TCS was frozen and stuck in the open position. As a
consequence, the internal cooling loop was getting too cold, causing
problems with the cooling of the LED system inside the greenhouse. The
OOT 2019, together with support from the RST 2019, solved the issue by
fixing the power connector inside of the valve actuator.

Also, in week 11 (see Fig. 4), a series of time consuming off-nominal
events occurred. The RST 2019 lost the remote connection to the control
system in Antarctica. Furthermore, the daily plant images were not
transferred to the MCC due to a defective plant observation camera. Both
issues were solved in collaboration between the radio operator at NM III
and the RST 2019. Another off-nominal event in this week was caused by
a failure in the readings of an EC control sensor causing the nutrient
delivery system (NDS) to overdose the nutrient solution with fresh water
and nutrient stock solution alternately, eventually resulting in an empty
fresh water tank and base canister, which needed to be refilled. A soft-
ware fix solved the issue. The last event in that week was an overflow of
the nutrient solution tank caused by human error while conducting the
maintenance of the nutrient solution lines in the greenhouse. Finding the
source of a failure always took a lot of time and communication between
the OOT 2019 and the RST 2019. Also, the significant effect of the off-
nominal events in week 6 and week 11 on the RST 2019 CT can be
seen in Fig. 4. It can be seen that the OOT 2019 CT in week 11 is still
smaller than the corresponding CT in week 10 or 12. This could be
explained by the fact, that the control and data handling system related
off-nominal events in week 11 had a bigger effect on the RST 2019 CT
and could be solved mostly from remote.

Starting at week 16 (mid of August), the weekly CT of the OOT 2019
decreased (see also September to November in Fig. 3). This can be
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related to the fact that the OOT 2019 became more familiar with the
system and the procedures inside the MTF over the course of time, which
also resulted in greater overall independencies from the support of the
RST 2019 regarding the work in the MTF. Also, the weekly nominal
meeting was changed to a bi-weekly meeting starting at the end of
September, since this was considered sufficient for the operation of the
MTF (e.g., less things to discuss). In addition, the number of plants was
reduced in week 24 (see Fig. 2) to allow the OOT 2019 to dedicate more
time to the preparation of the next summer season, which obviously also
contributed to a lower CT related to work in the MTF at the end of the
experimental phase 2019. All these incidents also affected the RST 2019
CT in a similar way. In August, the RST CT value decreased already to
27.75 CM-h per month with a high reduction of CT in September (9.5
CM-h per month), October (10 CM-h per month) and November (4.25
CM-h per month).

The CT needed for the nominal support category was approximately
around 8.3 CM-h per month during the first months (May to July) and
decreased to approximately 0.7 CM-h per month for August to November.
In addition, the CT for the nominal meeting category increased to a
maximum of 12 CM-h per month in July and August and decreased af-
terwards, also because of the transition from weekly to bi-weekly nominal
meetings. The CT needed for the housekeeping category was also higher in
the beginning with an average value (May to August) of approximately
4.75 CM-h per month. From September to November, the average value
decreased to approximately 0.9 CM-h per month. Considering the orga-
nizational work for the next mission, it can be seen that the CT for this
category increased until September, since all equipment had to be shipped
and all planning activities had to be accomplished by the end of
September. Nevertheless, there were some additional last-minute activ-
ities in November related to the next mission.

Task Category:

RST 2019 - Nominal Support
RST 2019 - Housekeeping
RST 2019 - Nominal Meetings

23 24

(]
w
]
)]
(]
~
[
o
[
w
w
o

Week Number in Experiment Phase 2019

Fig. 6. Development over the course of the EDEN ISS experiment phase 2019 on a weekly basis for the time shares per RST task category related to the total RST
2019 CT (without organizational work for the next mission). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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Table 5
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NASA TLX adjusted rating of dimensions and overall WL scores including SEM for the corresponding crews on-site in Antarctica and the remote support teams at MCC

in Bremen.

SMT 2019/2020 (n=2)

00T 2019 (n=2)

00T 2020 (n=4) RST 2019 + 2020 (n=2)

Mean SEM Mean SEM Mean SEM Mean SEM
Mental Demand 260.0 0.0 90.0 30.0 90.0 31.6 312.5 87.5
Physical Demand 32.5 17.5 85.0 35.0 131.3 70.1 0.0 0.0
Temporal Demand 337.5 37.5 157.5 7.5 170.0 56.3 362.5 62.5
Performance 12.5 2.5 112.5 7.5 70.0 17.3 30.0 0.0
Effort 175.0 35.0 152.5 87.5 103.8 25.1 132.5 77.5
Frustration 0.0 0.0 0.0 0.0 0.0 0.0 175.0 35.0
Overall Score 54.5 3.5 39.8 5.5 37.7 5.8 67.5 4.5
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Fig. 7. NASA TLX overall WL scores including SEM for the corresponding crews on-site in Antarctica and the remote support teams at MCC in Bremen.

4.1.3. Analysis of time shares

Fig. 5 shows the development, on a weekly basis, of the time shares of
the total CT for the OOT 2019 and the RST 2019 (without organizational
work for the next mission) related to the overall CT over the course of
the experiment phase 2019. Fig. 5 implies that the time shares of the
total CT for the RST 2019 regarding the overall CT were higher in the
first half of the experiment phase 2019 with values between 14% and
34% (average of 28%). There is one outlier in week 1 (67%) due to
preparation activities of the RST 2019 for experiment phase 2019 and a
second outlier in week 11 (44%) due to a previously described bigger
off-nominal event.

In the second half of the experiment phase 2019 starting at week 16,
the time shares of the total CT for the RST 2019 are between 0% and
32% (average of 13%). The values fluctuated based on events in the
greenhouse like additional nominal support in week 25 (planning of on-
site tasks for the rest of the experiment phase 2019) or off-nominal
events in week 27 and 28, in which more remote support was needed
and hence higher RST 2019 time shares were reached.

The average value for the time shares of the total CT for the RST 2019
(without organizational work for the next mission) during the whole
experiment phase 2019 is 21%. The trend derived from Fig. 5 reflects the
learning curve of the OOT 2019 and the fact that there was a higher need
for support by the RST 2019 at the beginning of the experiment phase
2019. This can also be seen in the reduction by 61% of total CT values of
the RST 2019 from 104.75 CM-h (7 CM-h per week) during the first 15
weeks to 41.25 CM-h (2.75 CM-h per week) during the last 15 weeks. For
the OOT 2019 the reduction of the total CT values between the first 15
weeks with a value of 305.25 CM-h (20.35 CM-h per week) and the last
15 weeks with a value of 243.25 CM-h (16.22 CM-h per week) is lower,
but still significant at roughly 20%.

The development, on a weekly basis, of the time shares for the
categorized RST 2019 CT (without organizational work for the next
mission) over the course of the experiment phase 2019 is depicted in
Fig. 6. Since the off-nominal support activities occurred randomly and
are in general not predictable, they are not depicted in Fig. 6 for further
investigations.
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Fig. 8. NASA TLX adjusted rating of dimensions including SEM for the corresponding crews on-site in Antarctica and the remote support teams at MCC in Bremen.

It can be seen that the time shares for the nominal support category
related to the total RST 2019 CT had the highest values in the first
weeks, while decreasing to a share of zero in week 13. The shares stayed
around this low level until the end of experiment phase 2019 with
smaller outliers. At the same time the time shares for the nominal
meetings continuously increased until the end of the experiment phase
2019. It can also be derived that the time shares for the housekeeping
category are relatively constant between week 5 and 21. This is due to
the fact that there was no urgency to conduct housekeeping activities
initially as the plants were not sown or still very young. After week 21,
the CT required for housekeeping activities was nearly not needed
anymore (see also Fig. 4) and just emerged in week 22 and 26 as the only
occurrences of this activity for the RST 2019 in these weeks.

Also, the trend depicted in Fig. 6 reflects the previously mentioned
learning curve of the OOT 2019. If the off-nominal support category is
considered, it can be noted that these activities can have pretty high time
shares in case they occur.

4.2. Workload

Table 5 shows the NASA TLX adjusted rating of dimensions and
overall WL scores with standard error of the mean (SEM) for the cor-
responding crews on-site in Antarctica and the RST at the MCC.

4.2.1. Overall workload score

Fig. 7 and Table 5 show the overall WL score for the SMT 2019/2020,
the OOT 2019 and OOT 2020 in Antarctica, as well as the RST
2019 + 2020 in the MCC. The values are derived from the averaged
overall WL score of all participants of the four groups. The results of the
WL measurements for the OOT 2019 and OOT 2020 show quite similar
values with 39.8 (SEM=5.5) for 2019 and 37.7 (SEM=5.8) for 2020,
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while the value for the SMT 2019/2020 is substantially higher with a
value of 54.5 and a lower SEM of 3.5. The overall WL score for the RST
2019 + 2020 in the MCC of 67.5 (SEM=4.5) is even higher compared to
the one for the SMT 2019/2020 depicted in Fig. 7, while the SEM is a
little higher.

4.2.2. Adjusted ratings

In Table 5 and Fig. 8, the adjusted ratings of the six NASA TLX di-
mensions for the SMT 2019/2020, the OOT 2019 and OOT 2020 as well
as the RST 2019 + 2020 are investigated. The values are derived from
the averaged adjusted ratings of all participants of the four groups.

The temporal demand with an average score of 337.5 (SEM=37.5)
for the SMT 2019/2020, 157.5 (SEM=7.5) for the OOT 2019, 170.0
(SEM=56.3) for the OOT 2020 and 362.5 (SEM=62.5) for the RST
2019 + 2020 shows the highest individual scores of all six dimensions.
As can be seen, the temporal demand for the SMT 2019/2020 is much
higher (second highest score in Fig. 8) compared to the two winter
groups with almost similar values. The RST 2019 + 2020 has an even
higher value (highest score in Fig. 8) compared to the value of the SMT
2019/2020.

This can be explained by the fact that the SMT 2019/2020 had a
limited time frame and was subject to time pressure to fulfill all
scheduled tasks during daily 16 CM-h shifts (2 people each 8 h per day)
in the short summer season 2019/2020. In contrast, the OOT 2019
worked an average of 2.6 CM-h per day and the OOT 2020 2 CM-h per
day. Due to the fact that the RST 2019 + 2020 was almost continuously
available (also on weekends) for the corresponding OOTs in case of
questions, the higher value of the RST 2019 + 2020 can be explained,
even though the average CT of approximately 4.9 CM-h per week
(without the organizational work for the next mission) was lower in case
of the RST 2019 compared to the OOT 2019, the OOT 2020 or the SMT
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2019/2020. In addition, they had to quickly react to protect the plants in
case of off-nominal events and had to resolve the occurred issue.

The mental demand for the SMT 2019/2020 with a value of 260.0
(SEM=0.0) is the second highest individual value for this group and
much higher compared to the values for the OOT 2019 and the OOT
2020, which are identical with a value of 90.0 except for a difference in
SEM of 30.0 and respectively 31.6. The value for the RST 2019 + 2020
for this dimension of 312.5 (SEM=87.5) is again higher (third highest
score in Fig. 8) compared to the value of the SMT 2019/2020.

The tasks conducted by the SMT 2019/2020 and the RST 2019 + 2020
were more complex and challenging compared to the rather less mentally
demanding tasks of the OOT 2019 and OOT 2020 (Woeckner 2020). In
addition, the OOTs were always remotely supported by the corresponding
RSTs, who prepared the working procedures of the OOTs. This could be a
reason for the lower mental demand scores of the OOT 2019 and the OOT
2020. The higher mental stress of the SMT 2019/2020 might be due to the
fact that they also carried out more difficult and sometimes unexpected
maintenance tasks prior to the start of the actual growing season. These
tasks also included troubleshooting and addressing problems that
occurred during the prior season which were scheduled to be fixed before
the grow season starts. The RST 2019 + 2020 had to resolve issues in case
of off-nominal events quickly, observe the MTF remotely and had to plan
the procedures and schedules executed by the OOT 2019 and OOT 2020 in
Antarctica.

The effort assessment of the four groups resulted in WL scores almost
in the same range. The SMT 2019,/2020 has a value of 175.0 (SEM=35.0).
It is only slightly higher compared to the value for the OOT 2019 of 152.5
(SEM=87.5), which is the second highest value for this group. This score
is followed by the score of the RST 2019 + 2020 with a value of 132.5
(SEM=77.5). The OOT 2020 has the lowest value of 103.8 (SEM=25.1).

The small differences in the effort scores of the SMT 2019/2020
compared to the OOT 2019 and OOT 2020 can be explained by the fact
that the SMT 2019/2020 conducted more demanding tasks than those
performed in a fully operable greenhouse during the winter season.
Furthermore, ten people instead of five operated the greenhouse in
Antarctica during the winter season 2020 compared to the winter season
2019. This could result in a lower value for the OOT 2020, because it was
possible to divide the tasks in the MTF in 2020 between more people and
decrease the individual effort.

The value for the physical demand for the SMT 2019/2020 is low
with a value of 32.5 (SEM=17.5). The value for the OOT 2019 is higher
with a value of 85.0 (SEM=35.0). The OOT 2020 has a value of 131.3
(SEM=70.1), which is the second highest value for this group. The de-
viation between the OOT 2020 value and the SMT 2019/2020 value is
pretty high. No member of the RST 2019 + 2020 preferred physical
demand over another dimension, which results in an adjusted rating
value of 0.0 (SEM=0.0).

The OOTs during the winter seasons sometimes had to walk to the
greenhouse several times per day (Woeckner 2020). In addition,
nutrient solution exchange including cleaning of the tanks and more
exchange of water (fresh and waste water) was necessary. These activ-
ities were more physically demanding compared to similar tasks per-
formed during the summer season (Woeckner 2020), due to the rough
weather conditions during the winter season (dark and really cold pe-
riods, with temperatures down to minus 43.6°C on 01.08.2019 and
11.08.2019 as lowest temperature in that winter season). The RST
2019 + 2020 on the other hand did not have to perform any physical
work at all.

Considering the performance assessment, the SMT 2019/2020 has
the second lowest value in Fig. 8 with a value of 12.5 (SEM=2.5). The
values for this dimension are much higher for the OOT 2019 with a value
of 112.5 (SEM=7.5) and for the OOT 2020 of 70.0 (SEM=17.3). The
value of the RST 2019 + 2020 is also quite low with a value of 30.0
(SEM=0.0), which is the third lowest value in Fig. 8.

In contrast to the OOT 2019 and OOT 2020, the SMT 2019/2020
developed, scheduled and conducted their tasks during the summer
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season independently. This might have resulted in an increase in their
level of confidence based on performing their own tasks instead of
processing pre-developed procedures as was done by both OOTs.
(Woeckner 2020) In addition, both the OOTs were relatively untrained
related to work in the MTF, while the SMT 2019/2020 and the RST
2019 + 2020 developed the MTF and worked with it for a couple of years
(Schubert et al., 2018). It could be that for this reason the SMT
2019/2020 and the RST 2019 + 2020 were more confident in a positive
outcome of their work and rated their performance higher.

The dimension frustration shows a value of 0.0 (SEM=0.0) for all
participants of the SMT 2019/2020, the OOT 2019 and OOT 2020, since
no participant out of these groups rated frustration over another
dimension. In case of the RST 2019 + 2020, frustration is ranked on
third position for this group and has a value of 175.0 (SEM=35.0).

The SMT 2019/2020 and the two OOTs could directly see the results
of their work and could also positively experience the plants’ growth
process in a hostile environment like Antarctica. Consequently, this
could reduce the frustration level for these groups in case of e.g., failures
of the system. In case of the RST 2019 + 2020, this direct feedback of
their work was not possible and was not reducing the frustration level.

Overall, the SMT 2019/2020 and the RST 2019 + 2020 have the
highest values in Fig. 8, i.e. temporal demand and mental demand as
well as the lowest values, i.e. performance and physical demand. The
effort scores are almost in the same range for all four groups. The frus-
tration scores show a value of zero for the SMT 2019/2020 and both
OOTs. Solely for the RST 2019 + 2020, this value is unequal to zero and
rated on third position of the dimensions of this group. The differences
between the highest and lowest values are significant (see Fig. 8). The
overall WL values for the OOT 2019 and OOT 2020 are comparable. In
addition, there are no significant differences between the dimensions for
the OOTs except in case of frustration.

The results of statistical analysis using an ANOVA on the six TLX
dimensions have shown a statistical difference between the four
participant groups for the dimension mental demand, performance and
frustration. Due to the fact, that the number of participants for the WL
evaluation is rather small, the requirements for an ANOVA such as
normal distribution and homogeneity of variance of the residuals were
not fulfilled and therefore statistical conclusions based on the ANOVA
cannot be reported.

5. Discussion & conclusion

It is crucial to point out that WL and corresponding CT strongly
depend on the system architecture especially with respect to mainte-
nance procedures (Zabel et al., 2019). Due to the reasons in the
following and the fact that future planetary surface greenhouse systems
will deviate to some extent from the architecture of the EDEN ISS
greenhouse, the CT and WL values in this paper can only give impli-
cations for the values, which will emerge during future planetary sur-
face missions incorporating a greenhouse. Conversely, CT and WL data
on existing architectures can inform the further design and develop-
ment activities of future greenhouses with the aim to minimize CT and
WL. This is also applicable for the CT values gathered at other space
analogue test sites on Earth (Eckart 1996) or onboard the ISS
(Stromgren et al., 2018).

In case of future space missions, astronauts will operate greenhouses,
which will be part of habitats installed on the Moon or Mars. The
operation scenario will look different in some aspects compared to the
scenario depicted in this paper for the operation of the EDEN ISS
greenhouse in Antarctica. On the Moon or Mars, the greenhouse will
most likely be directly connected to the habitat, which will facilitate its
access and therefore reduce the overall CT of the greenhouse operators.
This will decrease the physical demand of the operators compared to the
EDEN ISS experiment phase, because fresh and waste water will not be
transported by hand but rather by tubes between the habitat and the
greenhouse infrastructure.
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Moreover, there will not be SMTs or wintering crews working in the
greenhouse, but rather a habitat crew, who will be exchanged every
couple of months as is done onboard the ISS or every few years in case of
a Mars mission. This will be comparable to a new wintering crew
described in this paper, despite that this new habitat crew would also
have to carry out the maintenance work in the greenhouse, which in case
of EDEN ISS is accomplished by the SMT. For that reason, new habitat
crews will be trained on Earth in mockups of the greenhouse to be more
familiar with the greenhouse systems and tasks related to plant culti-
vation prior to their missions.

During planetary surface missions, the communication delay needs
to be considered as a difference compared to the EDEN ISS analogue
missions. For the Moon, this delay amounts to approximately 1.35 s for
one way and for Mars to approximately 22.2 min for one way. Both
values are calculated for the largest distance between the Earth and the
Moon, or respectively Mars. In the case of the Moon, a remote support
scenario could look quite similar compared to EDEN ISS due to the small
communication delay. In the case of Mars, remote support by the MCC in
case of nominal support or off-nominal support activities needs to be
organized in a different way to account for higher communication de-
lays. More predefined nominal and off-nominal event related procedures
could be used to reduce the dependence of the astronauts from the MCC.
Nevertheless, the MCC will be involved in case nominal or off-nominal
support is required by the astronauts.

The experiment phase 2019 in Antarctica has shown that mainte-
nance and repair activities hold a significant share of the total CT for the
OOT needed to operate a planetary surface greenhouse such as already
reported by Schwartzkopf (1991) for the BIOS-3 experiments, Russell
et al., (2006) for activities onboard the ISS and Zabel et al., (2019) for
EDEN ISS experiment phase 2018. Russell et al., (2006) reported that the
CT of three astronauts on ISS for habitat maintenance accounted to 1.9
CM-h per crew member per day and 2.4 CM-h per crew member per day
for a crew of two astronauts. Maintenance and repair activities always
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have highest priority because the survival of the astronauts will depend
on habitat and greenhouse systems (Stromgren et al., 2018).

This implies that one way to minimize the CT needed for the oper-
ations of future planetary surface greenhouses is to implement a higher
degree of automation into the greenhouse regarding maintenance ac-
tivities (Eckart 1996; Kang et al., 2000). But higher automation with
respect to plant cultivation tasks such as harvesting or transplanting
would also be beneficial (Schwartzkopf 1991). This would reduce the CT
and WL needed for executing the automatized activity, while increasing
the CT for maintenance tasks due to a more complex system architecture
(Schwartzkopf 1991). Hence, a tradeoff analysis prior to the installation
of a more automated system has to be done to determine if CT could be
reduced by implementing the automated system. But not all activities
related to plant growth should be automated to keep the positive effect
of the plant interaction on the psychological wellbeing of the astronauts
(Poulet et al., 2014).

Another way to minimize CT and WL is to improve the learning curve
of the greenhouse operators. As mentioned previously, even if well-
trained, on-site operators (astronauts) might not have detailed exper-
tise for all required procedures during a mission and consequently need
remote support from the experts on ground in the MCC. Improving the
learning curve would result in astronauts reaching the point of greater
independence from the RST more easily and quickly as well as astro-
nauts working more efficiently in earlier stages of their missions. As a
result CT and WL caused by remote support as well as on-site tasks could
be reduced. This could be accomplished by a broader and longer system
training program for the astronauts in mockups on Earth prior to their
space mission.

It is characteristic that WL is coupled to CT and vice versa. This can
be explained by the fact that one dimension of the TLX is temporal de-
mand. However, no direct relation can be drawn between WL and CT.
Although, the CT of the OOT 2019 is almost four times higher compared
to the CT of the RST 2019 (without organizational work for the next

Fresh edible biomass output and corresponding production values for different experiments. Values marked with * as reported by (Zabel et al., 2020), values marked
with T as reported in (Patterson 2011) and values marked with " as reported in (Patterson et al., 2012).

Fresh . . .
‘ Edible Growth Durat}on of Production | CT On-site Ad,]ust(?d . Edible
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eE)I()Si\iInllzft * 268 *12.5 * 286 *0.075 (2?58er 0.025 031 kg/CM-h
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mission), the RST 2019 had perceived higher WL. On the other hand, it is
also characteristic that a high CT could as well lead to high perceived
WL. This indicates that CT is not the only factor affecting the WL and
that WL could be perceived low also in case of high CT demand. Further
investigations, and in particular task-specific CT and WL assessments,
would be needed to draw significant conclusions on the relationship
between CT and WL.

5.1. Crew time

As mentioned previously, for winter season 2019, CT was measured
for every specific task individually by every team member of the RST
2019. To minimize the valuable CT of the OOT 2019 designated for the
work in the MTF, only the CT for the sum of all activities per workday
was measured in case of the OOT 2019, since the OOT operated the MTF
on top of their actual tasks at NM III.

The CT of the OOT 2019 between 29.04.2019 and 31.05.2019 was
not recorded because of the previously mentioned time constraints of
the OOT 2019. However, it was estimated based on single point mea-
surements during this period as well as on the average value of the
measured CT needed for the work in the MTF between the start of week 6
and the end of week 24 of the experiment phase 2019. At the end of
week 24, the number of plants was reduced in the MTF since the MTF
OOT 2019 needed more time for the preparation of the next summer
season and work in the NM III. Consequently, the period between week 6
and end of week 24 of the experiment phase 2019 depicts the work in the
MTF when it was at full plant cultivation capacity.

Due to the fact that the CT of the OOT 2019 was only tracked for the
sum of all activities per day, it is not possible to categorize the tasks and
calculate the total CT needed for a specific category as was done for the
on-site operator CT of winter season 2018 (Zabel et al., 2019), since the
tasks in the EDEN ISS MTF strongly vary during one workday (see Table
7 and Table 8 in the supplementary material for typical workdays of the
RST 2019 and the OOT 2019). Nevertheless, it is possible to categorize
the CT of the RST 2019.

Due to time constraints of the RST 2020 and OOT 2020, there were
no CT measurements for the winter season 2020. However, the set of CT
measurements during the experiment phase 2019 is sufficient for a first
evaluation of the CT of the OOT in comparison to the RST.

5.1.1. Crew time and edible biomass production comparison

During the 286 days of the experiment phase 2018, 268 kg of fresh
edible biomass was produced on 12.5 m? growth area in the MTF. This
results in a production rate for the experiment phase 2018 of 0.075 kg/
(m?*d). (Zabel et al., 2020) In contrast, 110 kg of fresh edible biomass
was grown during the experiment phase 2019. This amount of vegeta-
bles was produced on a growth area of 12.5 m? during 209 days. The
resulting production rate amounts to 0.042 kg/(m?2*d), which is almost
half of the experiment phase 2018 value.

This deviation in biomass output per area between the experiment
phases 2018 and 2019 could be partially explained by the fact that fruit-
bearing crops have an initial vegetative phase where they do not pro-
duce a harvest. After reaching the generative phase they can be har-
vested repeatedly. The experiment phase 2019 was 77 days shorter
compared to the experiment phase 2018 and so the vegetative phase of
the fruit-bearing crops took up a higher portion of the experiment
phase. As a result, the yield from these crops could be comparatively
lower than in experiment phase 2018. Thus, also, the biomass output
per area could be lower.

Moreover, there was an additional wintering crew member at NM IIT
dedicated for the operation of the greenhouse during the experiment
phase 2018. This on-site operator from DLR worked 3 CM-h per day (858
CM-h during the whole experiment phase 2018) in the greenhouse. In
this CT value plant cultivation and system maintenance activities are
included, but no repair and scientific activities are incorporated. The on-
site operator was familiar with the system and the cultivation tasks
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needed prior to the experiment phase 2018. If this value is considered in
the production rate, an adjusted value of 0.025 kg/(mz*CM—h) corre-
sponding to 0.31 kg/CM-h (3.2 CM-h/kg) edible biomass per unit labor
can be calculated.

During the experiment phase 2019 on the other hand, there was no
additional wintering crew member dedicated for the tasks in the
greenhouse and the OOT 2019, who was not familiar with the systems
and plant cultivation inside the MTF, operated the greenhouse in addi-
tion to their other common tasks in the NM III. In addition, the cultivated
cultivars differed between the experiment phases in type as well as
arrangement and the number of plants was drastically reduced at the
end of the experiment phase 2019 to enable the OOT 2019 to take care of
their NM III preparation tasks for the following summer season.

The OOT 2019 worked approximately 18.3 CM-h per week on
average (548.5 CM-h during the whole experiment phase 2019) in the
greenhouse. Considering this for the production rate, an adjusted value
of 0.016 kg/(m?*CM-h) corresponding to 0.2kg/CM-h (5 CM-h/kg)
edible biomass per unit labor can be calculated. This value is still
smaller compared to the one of the experiment phase 2018. But in
contrast to the experiment phase 2018, the CT values of the experiment
phase 2019 also include the repair activities conducted in the green-
house and the walk from the NM III to the MTF and back. The adjusted
production rate only considering the RST 2019 total CT of 146 CM-h
during the whole experiment phase 2019 (without organizational work
for the next mission) can be calculated to 0.06 kg/(mZ*CM-h) corre-
sponding to 0.75kg/CM-h (1.33 CM-h/kg) edible biomass per unit
labor. The value for the sum of the total CT of RST 2019 and OOT 2019
of 694.5 CM-h during the whole experiment phase 2019 (without
organizational work for the next mission) can be calculated to 12.67 g/
(m?*CM-h) corresponding to 0.16kg/CM-h (6.31 CM-h/kg) edible
biomass per unit labor.

The SPFGC had a production rate of 0.130 kg/(mZ*d) (Patterson
et al., 2012). This rate is higher compared to the values of the MTF
during the experiment phases 2018 and 2019. The SPFGC operator
worked 23 CM-h per week in the greenhouse with a growth area of 22.77
m? inside the Amundsen-Scott South Pole station (Patterson 2011).
Patterson (2011) reported a 0.8 kg/CM-h edible biomass per unit labor.
The corresponding value with 0.2 kg/CM-h for the EDEN ISS experiment
phase 2019 is four times smaller.

The difference between the values from the SPFGC and the EDEN ISS
experiment phase 2019 can be explained by similar reasons mentioned
previously for the comparison with the EDEN ISS experiment phase
2018. Also in the SPFGC a dedicated on-site operator was responsible for
the activities related to the greenhouse (Patterson et al., 2012). More-
over, CT required for repairs and maintenance activities for primary
hardware systems as well as CT of volunteers was not considered for the
operations of the SPFGC (Patterson 2011). Due to the fact that the
SPFGC was incorporated inside the Amundsen-Scott South Pole station
(Patterson et al., 2012), no CT was needed for walking back and forth to
the greenhouse. For the EDEN ISS experiment phase 2019, all these
activities were incorporated in the measurements, resulting in a
comparatively lower kg/CM-h value. In addition, the SPFGC produced a
high amount of cucumbers (41% of the total fresh edible biomass) (Zabel
et al., 2020) compared to the 14.5% produced during the EDEN ISS
experiment phase 2019. As reported in Zabel et al., (2020), cucumbers
had the highest production rate per unit area and time of the plants
grown in the MTF in the experiment phase 2018. This and the higher
ratio of cucumbers can also explain the higher production rate of the
SPFGC compared to the MTF. No comparable values for the adjusted
production rate considering the CT caused by remote support were
found in the literature.

The OOT 2019 worked 12.60 CM-min/ (mz"‘d) inside the MTF.
Although there are considerable differences in facility design, this value
is higher than the values found in literature for the previously mentioned
MDRS mission with a value of 9 CM-min/(m?*d) (Poulet and Doule
2014) or the BIOS-3 experiment from December 1972 to June 1973 with
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a value of 8 CM-min/(m?*d) (Schwartzkopf 1991; Eckart 1996). Only
the measurements taken during a HI-SEAS mission in 2014 show a
higher value of 31.2 CM-min/(m?*d) (Poulet et al., 2014).

5.1.2. Crew time development over time

The analysis of the CT in this paper has shown that there is a shift of
CT over time. The CT for the RST 2019 increased from the beginning of
the growth period to when the plants were fully grown in the green-
house. After that, the CT needed for remote support decreased due to the
fact that the OOT 2019 got more and more familiar with the system and
the procedures required to operate the greenhouse as well as the fact
that the number of plants was reduced at the end of the experiment
phase 2019. The CT development of the OOT 2019 showed a similar
behavior.

The increasing independence of the OOT 2019 from the RST 2019
over the course of the experiment phase 2019 can also be seen in the fact
that the time shares for the nominal support category related to the total
RST 2019 CT (without organizational work for the next mission and off-
nominal events) decreased over time and the time shares for the nominal
meeting category increased, while the housekeeping category stayed
relatively constant.

In addition, the time shares of the total CT for the RST 2019 (without
organizational work for the next mission) related to the overall CT
decreased over the course of the experiment phase 2019 with fluctua-
tions caused by off-nominal events and additional nominal support.
Accordingly, the time shares of the total CT increased for the OOT 2019.

5.1.3. Remote support crew time categorization

Stromgren et al., (2018) proposed a methodology for CT categori-
zation, which could be used for future CT investigation to allow for a
comparison between studies. One important aspect to mention is that
the categorization of Stromgren et al., (2018) did not incorporate CT
values for planetary surface greenhouse tasks at all, since the values
were based on tasks onboard the ISS.

In this paper, a first categorization methodology for CT with respect
to remote support tasks of a planetary surface greenhouse was proposed.
This methodology can be used for the analysis and comparison of the
remote support CT measured in planetary surface greenhouse studies as
a baseline for the planning/design process for future space missions, in
which CT requirements should be considered as early as possible (Rus-
sell et al., 2006). This will help to understand which tasks are required
and based on that, to better assess the amount of CT needed for such
missions in order to decrease the deviations of planned CT from actual
CT discovered in Russell et al., (2006).

It has been suggested by the authors of this paper that a science
category is of great importance for the planning process of future
planetary surface greenhouses, although it has not yet been used in this
study. Future planetary surface greenhouses will have the purpose to
grow food, and recycle air or water for the resident habitat crew. These
activities are sometimes coupled with science experiments, but not
necessarily. Without the science category, the CT for remote support
would be inflated by the CT for science related activities, which are not
necessarily utilized to operate the greenhouse for the purpose of e.g.,
food production, air or water recycling. Using science inflated CT values
could result in the decision against greenhouses during the planning of
future space missions on account of too high CT numbers, which do not
reflect reality.

Remote support of the MTF during the past winter seasons has shown
that it is not always trivial to attribute the occurred CT to either the
science category or to the nominal support/meeting categories. During a
common telephone conference between RST and OOT, several questions
were raised by the OOTs. These questions comprised topics attributed to
the science category and to the nominal support/meeting categories.
However, it would have been difficult to assign CT demands to the
corresponding category subsequent to the meeting.
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5.1.4. Potential enhancements of future measurements

The collected measurements may incorporate inaccuracies to some
extent. The time period of the experiment phase 2019 was quite long and
the RST 2019 as well as the OOT 2019 had to record their CT every day.
Due to this, the performance of the CT recordings may have decreased
over the course of the experiment phase 2019. In addition, participants
may have forgotten to record their CT immediately after performing the
tasks and recorded it at a later point in time based on their memory,
which might have influenced the measurements.

To increase the accuracy of the CT measurements, it would be
advisable to improve the usability of the measurement procedure. One
possibility would be to use an external measurement device or another
person to track the CT of the greenhouse operators (RST and OOT).

Further investigations are needed to increase the database of CT
values for RST and OOT CT values for planetary surface greenhouses. It
would be beneficial to track the CT for single tasks over the course of
several conducted procedures to facilitate a categorization of the CT
values needed for enhanced planning results of future space missions.

In addition, investigations of CT with respect to the crop nutrient
content would contribute to field of research in a significant way, as the
nutritive aspect of plants will be key in future long-duration space
mission scenarios (Douglas et al., 2016). For early mission scenarios,
only small greenhouse modules will be operated as integral parts of
Moon or Mars habitats still under development. These greenhouse
modules will produce crops with a high-water content and a short shelf
life time such as lettuces, herbs or cucumbers, like investigated in the
EDEN ISS project (Dueck et al., 2016), as supplemental diet to the
pre-packed MREs (Schubert 2017). However, later mission scenarios
would likely include additional crops which would provide increasing
fractions of the crew’s caloric and nutritional needs. Here, the relations
between greenhouse architectures (e.g., lighting, environmental condi-
tions or nutrient solution composition), CT and edible biomass quantity
and quality should be investigated further to aid in crop selection, sys-
tem design and mission planning.

5.2. Workload

The common approach of performing the NASA TLX method for
every single task separately was not used in this study. This was done
due to the fact that the aim was to compare the average overall WL
between the four evaluation groups for a typical workday in the MTF
and during remote operations in the MCC.

The number of participants for the WL evaluation is rather small, but
originates from the fact that the number of people operating the
greenhouse per year is small.

The goal of the investigations was not to conduct statistical analyses
on the WL assessment during a space analogue greenhouse study, but
rather to get a first impression of the tendency of WL characteristics in
such an environment, since no value for this could be found in the
literature.

5.2.1. Comparison of workload values

The WL investigations for all groups involved in the operation of the
MTF during the winter season 2019 to 2020 have indicated that the RST
2019 + 2020 perceived the highest WL with a value of 67.5, followed by
the SMT 2019/2020 with a value of 54.5. The OOT 2019 and OOT 2020
showed similar values of 39.8 respectively 37.7.

With the results from Grier (2015), it is possible to grade if an overall
WL score of the TLX should be considered high or low in comparison to
other TLX studies presented in literature. For this purpose, Grier (2015)
studied over 1000 overall NASA TLX WL scores, ranging from 6.2 to
88.5, based on over 200 publications. Grier (2015) did not consider the
performance of the participant. If a WL is perceived as acceptable not
only depends on the WL value itself but also depends on the contextual
variables such as level of expertise, situation or task type (Grier 2015;
Braarud 2020).
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Compared to the overall WL score values presented in Grier (2015),
the value for the OOT 2019 is higher than 30% of the values presented,
the value for the OOT 2020 is higher than 25%, the value for the SMT
2019/2020 is higher than 60% and the value for the RST 2019 + 2020 is
higher than 80% of the values presented. It has to be mentioned that the
value for the ninth deciles is 68.0. A direct comparison with WL scores
for planetary surface greenhouse, other analogue missions with green-
houses or plant growth chambers onboard the ISS would be favored, but
values for these scenarios were not found in the literature.

A set of contextual factors have influenced the assessment of the WL.
These factors are the amount of people operating the greenhouse, type of
tasks, expertise of operators, time pressure, environmental conditions i.
e. isolation and harsh conditions in Antarctica, psychological wellbeing,
autonomy in task planning and execution or type of feedback generated
by the task completion.

These factors have to be considered in the planning process of
operation procedures for future planetary surface greenhouses to mini-
mize the WL of the operation teams (RST and OOT) as much as possible.

5.2.2. Different preconditions of the on-site operator teams in 2019 and
2020

In contrast to the OOT 2019, which started their work in the
greenhouse after a couple of months of the greenhouse hibernation
phase, the OOT 2020 started their work directly after the SMT 2019/
2020 left NM III. In addition, the OOT 2020 conducted a couple of days
more of a basic system training prior to the winter season 2020 with
hands-on experience on the plants or system handling during the sum-
mer season 2019/2020, which was not possible for the OOT 2019.
Nevertheless, no differences in overall WL between the OOT 2019 and
OOT 2020 could be determined.

Reasons could be that different amounts of untrained people were
dedicated to the on-site operations of the greenhouse during experiment
phases 2019 and 2020. A higher number of on-site operators in 2020
could result in a flatter individual learning curve regarding the opera-
tions in the greenhouse, while starting at a higher skill level due to the
higher amount of training activities during the summer season 2019/
2020, compared to the OOT 2019 resulting in similar perceived overall
WL. Another impact on the overall WL could be the possibility that the
differences in the amount of time spent for the basic system training was
not enough to make a difference in perceived overall WL of the OOT 2019
and the OOT 2020. One factor to add is that the overall WL of the OOT
2019 was measured at the end of the experiment phase 2019. On the
other hand, the experiment phase 2020 was still running, when the WL of
the OOT 2020 was measured. Another assumption is that the perceived
WL maybe would have changed over the course of the full experiment
phase 2020, for example if the OOT 2020 became more familiar with the
nominal operations or if the greenhouse experienced a significant num-
ber of off-nominal events. It also cannot be ruled out that physiological
and psychological effects on the OOT 2020 due to the isolated, confined,
extreme environment in the Antarctic would have impacted the WL
assessment, if done at the end of the full experiment phase 2020.
Although the OOT 2019 maintained work reports during the experiment
phase 2019 to track the work that they carried out in the greenhouse,
these did not include WL assessments and as such the WL evaluation was
based purely on memories and feelings at the time of the evaluation. This
could also alter the results of the overall WL measurement.

5.2.3. Potential enhancements of future measurements

The collected measurements may incorporate inaccuracies to some
extent. The fact that the SMT 2019/2020 already had experienced a
couple of summer seasons in Antarctica could have an impact on the
evaluation compared to the OOT 2019 and OOT 2020. The SMT 2019/
2020 could have a bias based on the previous experienced summer
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seasons, rating the experienced WL in summer season 2019/2020 higher
(or lower) by comparison. The same applies for the RST 2019 + 2020,
since they have already conducted remote support for a couple of years
for the OOTs, were already part of the SMTs and one participant was even
part of the wintering crew 2018. The OOT 2019 and OOT 2020 on the
other hand do not have any reference operating a space analogue plan-
etary surface greenhouse, which might influence their evaluations as
well.

Also, in case of WL measurements, further investigations regarding
the perceived WL on task level for remote support and on-site operations
for a planetary surface greenhouse are required to better understand
which tasks of the specific groups need to be facilitated to improve the
outcome and overall performance of a mission. With multiple WL
measurements for specific tasks over a longer period, it would be
possible to also perform statistical investigations.

It is planned to conduct WL measurements for the various groups
involved in the operation process of the EDEN ISS greenhouse every two
to four weeks for a typical workday. Additional information about the
conducted tasks can be derived from the daily work reports of the
operator teams. For some recurrent tasks, task specific WL measure-
ments will be conducted repeatedly right after task execution to inves-
tigate which procedures are more WL intense than others. Moreover,
additional CT measurements are planned to gain more insight in the link
between CT and WL.

Declaration of Competing Interest

The authors declare that the research was conducted in the absence
of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Acknowledgments

The EDEN ISS project has received funding from the European
Union’s Horizon 2020 research and innovation program under grants
agreement No 636501 via the COMPET-07-2014 - Space exploration —
Life support subprogramme. A sincere thanks to the NM III crews that
operated the EDEN ISS greenhouse in the winter seasons of the years
2019 and 2020. Without their hard work in the greenhouse and the
measurements taken by them it would not have been possible to conduct
the research presented in this paper.

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/].1ssr.2021.06.003.

References

Anderson, M.S.; Ewert, M.K.; Keener, J.F.; Wagner, S.A. (2015): Life support baseline
values and assumptions document. Edited by NASA JSC. Houston, Texas (NASA/TP-
2015-218570).

Australian Antarctic Division, 1994. Initial Environmental Evaluation of the Proposal to
Introduce Hydroponic Operations At Australian Antarctic stations. Amended 2/10/
98. Australian Antarctic Division.

Bamsey, M., Berinstain, A., Graham, T., Neron, P., Giroux, R., Braham, S, et al., 2009.
Developing strategies for automated remote plant production systems:
environmental control and monitoring of the arthur clarke mars greenhouse in the
canadian high arctic. Advanc. Space Resear. 44 (12), 1367-1381. https://doi.org/
10.1016/j.asr.2009.08.012.

Bamsey, Matthew, Zabel, Paul, Zeidler, Conrad, Poulet, Lucie, Schubert, Daniel,
Kohlberg, Eberhard, Graham, Thomas, 2014. Design of a containerized greenhouse
module for deployment to the neumayer iii antarctic station. 44th International
Conference on Environmental Systems. Tucson, Arizona, USA, 13-17 July 2014.

Bates, Scott, Gushin, Vadim, Bingham, Gail, Vinokhodova, Alla, Marquit, Joshua,
Sychev, Vladimir, 2009. Plants as countermeasures: a review of the literature and
application to habitation systems for humans living in isolated or extreme


https://doi.org/10.1016/j.lssr.2021.06.003
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0002
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0002
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0002
https://doi.org/10.1016/j.asr.2009.08.012
https://doi.org/10.1016/j.asr.2009.08.012
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0004
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0004
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0004
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0004

C. Zeidler et al.

environments. Habitat. 12 (1), 33-40. https://doi.org/10.3727/
154296610X12686999887201.

Berkovich, Yu.A., Smolyanina, S.O., Krivobok, N.M., Erokhin, A.N., Agureev, A.N.,
Shanturin, N.A., 2009. Vegetable production facility as a part of a closed life support
system in a russian martian space flight scenario. Advanc. Space Resear. 44 (2),
170-176. https://doi.org/10.1016/j.asr.2009.03.002.

Braarud, Per @ivind, 2020. An efficient screening technique for acceptable mental
workload based on the nasa task load index—development and application to
control room validation. Int. J. Industr. Ergonom. 76, 102904 https://doi.org/
10.1016/j.ergon.2019.102904.

Bringslimark, Tina, Hartig, Terry, Patil, Grete G, 2009. The psychological benefits of
indoor plants: a critical review of the experimental literature. J. Environment.
Psychol. 29 (4), 422-433. https://doi.org/10.1016/].jenvp.2009.05.001.

Bustamante, Ernesto A., Spain, Randall D., 2008. Measurement invariance of the nasa tlx.
Proceed. Hum. Fact. Ergono. Societ. Annu. Meet. 52 (19), 1522-1526. https://doi.
org/10.1177/154193120805201946.

Coleshill, Elliott, Oshinowo, Layi, Rembala, Richard, Bina, Bardia, Rey, Daniel,
Sindelar, Shelley, 2009. Dextre: improving maintenance operations on the
international space station. Acta Astron. 64 (9-10), 869-874. https://doi.org/
10.1016/j.actaastro.2008.11.011.

Cooper, Maya;, Perchonok, Michele;, Douglas, Grace L., 2017. Initial assessment of the
nutritional quality of the space food system over three years of ambient storage. NPJ.
Micrograv. (3), 17. https://doi.org/10.1038/541526-017-0022-z.

Douglas, G., Cooper, M.R., Bermtdez-Aguirre, D., Sirmons, Takiyah, NASA JSC, 2016.
Evidence report - risk of performance decrement and crew illness due to an
inadequate food system. Human Research Program Space. Human Factors and
Habitability ElementHouston, Texas. Edited by(JSC-CN-37577).

Dueck, Tom, Kempkes, Frank, Meinen, Esther, Stanghellini, Cecilia, 2016. Choosing
crops for cultivation in space. 46th International Conference on Environmental
Systems. Vienna, Austria, 10-14 July 2016.

Eckart, Peter, 1996. Spaceflight Life Support and Biospherics. Springer Netherlands,
Dordrecht.

Fu, Yuming, Li, Leyuan, Xie, Beizhen, Dong, Chen, Wang, Mingjuan, Jia, Boyang, et al.,
2016. How to establish a bioregenerative life support system for long-term crewed
missions to the moon or mars. Astrobiol. 16 (12), 925-936. https://doi.org/
10.1089/ast.2016.1477.

Gernandt, H., El Naggar, S.E.D., Janneck, J., Matz, T., Driicker, C., 2007. From georg
forster station to neumayer station iii - a sustainable replacement at atka bay for
future. Polarforsch. Bremerh., Alfr. Wegen. Instit. Pol. Marine Resear. Germ. Societ.
Pol. Resear. 76 (1/2), 59-85.

Gtabska, Dominika, Guzek, Dominika, Groele, Barbara, Gutkowska, Krystyna, 2020. Fruit
and vegetable intake and mental health in adults: a systematic review. Nutr. 12 (1)
https://doi.org/10.3390/nu12010115.

Grier, Rebecca A., 2015. How high is high? a meta-analysis of nasa-tlx global workload
scores. Proceed. Hum. Fact. Ergonom. Societ. Annu. Meet. 59 (1), 1727-1731.
https://doi.org/10.1177/1541931215591373.

Hart, Sandra G., 2006. Nasa-Task load index (nasa-tlx); 20 years later. Proceed. Hum.
Fact. Ergonom. Societ. Annu. Meet. 50 (9), 904-908. https://doi.org/10.1177/
154193120605000909.

Hart, Sandra G., Staveland, Lowell E., 1988. Development of nasa-tlx (task load index):
results of empirical and theoretical research. Hum. Ment. Workl., Vol. 52, 139-183.
Elsevier (Advances in Psychology).

Kang, Sukwon, Ozaki, Yuriko, Ting, Kuan-Chong, Both, Arend-Jan, 2000. Automation for
biomass production within advanced life support systems. IFAC. Proceed. Vol. 33
(29), 275-280. https://doi.org/10.1016/51474-6670(17)36790-3.

Kohlberg, E., Wesche, C., Nixdorf, U., Mengedoht, D., 2017. Development of
telemedicine: a substantial contribution to medical safety during winter- over.
Proceedings of the COMNAP Symposium 2016. Winter-Over Challenges, Goa, India,
19 & 20 August 2016. Council of Managers of National Antarctic Programs,
Christchurch, New Zealand, pp. 109-113.

Mattfeld, Bryan, Stromgren, Chel, Shyface, Hilary, Cirillo, William, Goodliff, Kandyce,
2015. Developing a crew time model for human exploration missions to Mars. 2015
IEEE Aerospace Conference. 2015 IEEE Aerospace Conference. IEEE, Big Sky, MT,
pp. 1-17, 2015.

NASA (2019): Commercial and marketing pricing policy. Edited by Michael Johnson.
Available online at https://www.nasa.gov/leo-economy/commercial-use/pricin
g-policy, updated on 25.02.2021, checked on 11.03.2021.

NASA ARC, 1986. NASA Task load Index (TLX). Paper and Pencil Package. Volume 1.0.

National Research Council, 2003. Factors Affecting the Utilization of the International
Space Station for Research in the Biological and Physical Sciences. National
Academies Press, Washington, D.C.

Odeh, Raymond, Guy, Charles L., 2017. Gardening for therapeutic people-plant
interactions during long-duration space missions. Open Agricult. 2 (1), 1-13.
https://doi.org/10.1515/0pag-2017-0001.

Patterson, R.L., Giacomelli, G.A., Kacira, M., Sadler, P.D., Wheeler, R.M., 2012.
Description, operation and production of the south pole food growth Chamber. Acta
Hortic. 952, 589-596. https://doi.org/10.17660/ActaHortic.2012.952.75.

Patterson, Randy Lane, 2011. Description, Operation and Production of the South Pole
Food Growth Chamber (SPFGC). Master Thesis. University of Arizona, Tucson.
Faculty of the Department of Agricultural and Biosystems Engineering.

Poulet, L., Massa, G.D., Wheeler, R., Gill, T., Morrow, R., Steele, C., et al., 2014.
Demonstration test of electrical lighting systems for plant growth in hi-seas analog
mars habitat. 65th International Astronautical Congress 2014, Sep.-Oct. 2014.
Toronto, Canada. Available online at. https://elib.dlr.de/94135/.

Poulet, Lucie;, Doule, Ondrej, 2014. Greenhouse automation, illumination and expansion
study for mars desert research station. 65th International Astronautical Congress

19

Life Sciences in Space Research xxx (xxxx) xxx

2014, Sep.-Oct. 2014. Toronto, Canada. Available online at. https://elib.dlr.de/
94134/.

Rubio, Susana, Diaz, Eva, Martin, Jesus, Puente, Jose M, 2004. Evaluation of subjective
mental workload: a comparison of swat, nasa-tlx, and workload profile methods.
Appl. Psychol. 53 (1), 61-86. https://doi.org/10.1111/j.1464-0597.2004.00161.x.

Russell, James F., Klaus, David M., Mosher, Todd J., 2006. Applying analysis of
international space station crew-time utilization to mission design. J. Spacecra.
Rock. 43 (1), 130-136. https://doi.org/10.2514/1.16135.

Sadler, Phil, Giacomelli, Gene, Patterson, Randy, Kacira, Murat, Furfaro, Roberto,
Lobascio, Cesare, et al., 2011. Bio-regenerative life support systems for space surface
applications. 41st International Conference on Environmental Systems. 41st
International Conference On Environmental Systems. American Institute of
Aeronautics and Astronautics, Portland, Oregon. Reston, Virigina.

Salisbury, Frank B., Gitelson, Josef 1., Lisovsky, Genry, M., 1997. Bios-3: siberian
experiments in bioregenerative life support. Biosci. 47 (9), 575-585. https://doi.
org/10.2307/1313164.

Schubert, D., 2017. Greenhouse production analysis of early mission scenarios for moon
and mars habitats. Open Agricult. 2 (1) https://doi.org/10.1515/0pag-2017-0010.

Schubert, Daniel, Bamsey, Matthew, Zabel, Paul, Zeidler, Conrad, Vrakking, Vincent,
2018. Status of the eden iss greenhouse after on-site installation in antarctica. 48th
International Conference on Environmental Systems. Albuquerque, New Mexico,
USA, 8-12 July 2018.

Schwartzkopf, S.H., 1991. Lunar Base Controlled Ecological Life Support System
(LCELSS): Preliminary conceptual Design Study. NASA. Edited by(Tech. Rep. NASA-
CR-188479).

Smith, Scott M., Zwart, Sara R., Block, Gladys;, Rice, Barbara L., Davis-Street, Janis E.,
2005. The nutritional status of astronauts is altered after long-term space flight
aboard the international space station. J. Nutr. 135 (3), 437-443. https://doi.org/
10.1093/jn/135.3.437.

Stromgren, Chel, Escobar, Felipe, Rivadeneira, Steven, Cirillo, William,

Goodliff, Kandyce E, 2018. Predicting crew time allocations for lunar orbital
missions based on historical iss operational activities. 2018 AIAA SPACE and
Astronautics Forum and Exposition. 2018 ATAA SPACE and Astronautics Forum and
Exposition. American Institute of Aeronautics and Astronautics, Orlando, FL. Reston,
Virginia.

Vrakking, Vincent, Bamsey, Matthew, Zeidler, Conrad, Zabel, Paul, Schubert, Daniel,
Romberg, Oliver, 2017. Service section design of the eden iss project. 47th
International Conference on Environmental Systems, 16-20 July 2017. Charleston,
South Carolina, USA.

Vrakking, Vincent, Schubert, Daniel, Zabel, Paul, Zeidler, Conrad, Dorn, Markus,

Ferl, Robert, Paul, Anna-Lisa, 2020a. EDEN ISS — greenhouse in antarctica. In:
Fromm, Tanja, Oberdieck, Constance, Matz, Thomas, Wesche, Christine (Eds.), EDEN
ISS — greenhouse in antarctica. Expedi. Antarct.: ANT-Land 2019/20 Neum. Stat. III,
Kohnen Stat., Flight Operat. Field Campaig. 745 (745), 54-61.

Vrakking, Vincent, Zeidler, Conrad, Zabel, Paul, Dorn, Markus, Schubert, Daniel, 2020b.
Status and future of the eden iss mobile test facility. 50th International Conference
on Environmental Systems, 12.-16. July 2020. Lisbon, Portugal.

Wesche, Christine, Weller, Rolf, Konig-Langlo, Gert, Fromm, Tanja, Eckstaller, Alfons,
Nixdorf, Uwe, Kohlberg, Eberhard, 2016. Neumayer III and kohnen station in
antarctica operated by the alfred wegener institute. J. Large-Scale Resear. Facilit.
JLSRF. 2 https://doi.org/10.17815/jlstf-2-152.

Wheeler, R.M., 2010. Plants for life support: from myers to mars. Gravitat. Space Biol. 23
(2), 25-36.

Wheeler, R.M., Sager, J.C., Prince, R.P., Knott, W.M., Mackowiak, C.L., Stutte, G.W.,
et al., 2003. Crop Production for Advanced Life Support Systems - Observations
From the Kennedy Space Center Breadboard Project. NASA KSC, Florida. Edited
byNASA/TM-2003-211184.

Woeckner, Gerrit, 2020. System Analysis of Integration Paths For Augmented System
Analysis of Integration Paths For Augmented Reality Technology in Greenhouses as
Part of Future Extraterrestrial Habitats. Master thesis. Technical University of
Braunschweig. Institute of Space Systems.

Zabel, Paul, Bamsey, Matthew, Zeidler, Conrad, Vrakking, Vincent, Schubert, Daniel,
Romberg, Oliver, et al., 2016. The preliminary design of the eden iss mobile test
facility - an antarctic greenhouse. 46th International Conference on Environmental
Systems. Vienna, Austria, 10-14 July 2016.

Zabel, Paul, Bamsey, Matthew, Zeidler, Conrad, Vrakking, Vincent, Schubert, Daniel,
Romberg, Oliver, 2017. Future exploration greenhouse design of the eden iss project.
47th International Conference on Environmental Systems. Charleston, South
Carolina, USA, 16-20 July 2017.

Zabel, Paul;, Zeidler, Conrad, 2019. EDEN ISS: a plant cultivation technology for
spaceflight. In: Seedhouse, Erik, Shayler, David J. (Eds.), Handbook of Life Support
Systems for Spacecraft and Extraterrestrial Habitats. Springer, Cham, pp. 1-15.

Zabel, Paul, Zeidler, Conrad, Vrakking, Vincent, Dorn, Markus, Schubert, Daniel, 2019.
Crewtime in a space greenhouse based on the operation of the eden iss greenhouse in
antarctica. 49th International Conference on Environmental Systems. Boston,
Massachusetts, USA, 07.-11. July 2019.

Zabel, Paul, Zeidler, Conrad, Vrakking, Vincent, Dorn, Markus, Schubert, Daniel, 2020.
Biomass production of the eden iss space greenhouse in antarctica during the 2018
experiment phase. Front Plant Sci. 11, 656. https://doi.org/10.3389/
fpls.2020.00656.

Zeidler, Conrad, Zabel, Paul, Vrakking, Vincent, Dorn, Markus, Bamsey, Matthew,
Schubert, Daniel, et al., 2019. The plant health monitoring system of the eden iss
space greenhouse in antarctica during the 2018 experiment phase. Front. Plant Sci.
10, 1457. https://doi.org/10.3389/fpls.2019.01457.


https://doi.org/10.3727/154296610X12686999887201
https://doi.org/10.3727/154296610X12686999887201
https://doi.org/10.1016/j.asr.2009.03.002
https://doi.org/10.1016/j.ergon.2019.102904
https://doi.org/10.1016/j.ergon.2019.102904
https://doi.org/10.1016/j.jenvp.2009.05.001
https://doi.org/10.1177/154193120805201946
https://doi.org/10.1177/154193120805201946
https://doi.org/10.1016/j.actaastro.2008.11.011
https://doi.org/10.1016/j.actaastro.2008.11.011
https://doi.org/10.1038/s41526-017-0022-z
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0012
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0012
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0012
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0012
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0013
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0013
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0013
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0014
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0014
https://doi.org/10.1089/ast.2016.1477
https://doi.org/10.1089/ast.2016.1477
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0016
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0016
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0016
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0016
https://doi.org/10.3390/nu12010115
https://doi.org/10.1177/1541931215591373
https://doi.org/10.1177/154193120605000909
https://doi.org/10.1177/154193120605000909
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0020
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0020
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0020
https://doi.org/10.1016/S1474-6670(17)36790-3
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0022
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0022
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0022
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0022
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0022
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0023
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0023
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0023
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0023
https://www.nasa.gov/leo-economy/commercial-use/pricing-policy
https://www.nasa.gov/leo-economy/commercial-use/pricing-policy
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0025
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0026
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0026
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0026
https://doi.org/10.1515/opag-2017-0001
https://doi.org/10.17660/ActaHortic.2012.952.75
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0029
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0029
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0029
https://elib.dlr.de/94135/
https://elib.dlr.de/94134/
https://elib.dlr.de/94134/
https://doi.org/10.1111/j.1464-0597.2004.00161.x
https://doi.org/10.2514/1.16135
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0034
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0034
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0034
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0034
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0034
https://doi.org/10.2307/1313164
https://doi.org/10.2307/1313164
https://doi.org/10.1515/opag-2017-0010
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0037
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0037
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0037
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0037
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0038
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0038
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0038
https://doi.org/10.1093/jn/135.3.437
https://doi.org/10.1093/jn/135.3.437
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0040
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0040
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0040
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0040
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0040
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0040
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0041
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0041
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0041
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0041
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0042
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0042
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0042
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0042
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0042
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0043
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0043
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0043
https://doi.org/10.17815/jlsrf-2-152
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0045
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0045
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0046
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0046
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0046
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0046
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0047
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0047
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0047
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0047
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0048
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0048
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0048
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0048
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0049
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0049
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0049
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0049
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0050
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0050
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0050
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0051
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0051
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0051
http://refhub.elsevier.com/S2214-5524(21)00045-6/sbref0051
https://doi.org/10.3389/fpls.2020.00656
https://doi.org/10.3389/fpls.2020.00656
https://doi.org/10.3389/fpls.2019.01457

	Crew time and workload in the EDEN ISS greenhouse in Antarctica
	1 Introduction
	2 Related work
	2.1 Crew time and workload in space missions
	2.1.1 International Space Station
	2.1.2 Planetary surface analogue greenhouses on Earth

	2.2 EDEN ISS

	3 Crew time and workload recordings within EDEN ISS
	3.1 Hardware and mission overview
	3.2 Remote support crew time categorization
	3.3 Participants
	3.3.1 Crew time
	3.3.2 Workload

	3.4 Measurements
	3.4.1 Crew time
	3.4.2 Workload


	4 Results
	4.1 Crew time
	4.1.1 Overall assessment
	4.1.2 Monthly and weekly development
	4.1.3 Analysis of time shares

	4.2 Workload
	4.2.1 Overall workload score
	4.2.2 Adjusted ratings


	5 Discussion & conclusion
	5.1 Crew time
	5.1.1 Crew time and edible biomass production comparison
	5.1.2 Crew time development over time
	5.1.3 Remote support crew time categorization
	5.1.4 Potential enhancements of future measurements

	5.2 Workload
	5.2.1 Comparison of workload values
	5.2.2 Different preconditions of the on-site operator teams in 2019 and 2020
	5.2.3 Potential enhancements of future measurements


	Declaration of Competing Interest
	Acknowledgments
	Supplementary materials
	References


