RESEARCH ARTICLE

RESEARCH

Transforming a university campus into a
sustainable energy district: Multi-criteria mapping of

implementation options

Graz University of Technology’s largest campus shall be turned into a low-carbon energy district. We explore ways of transformation by
using a deliberative multi-criteria approach, in order to “open up” stakeholder perspectives. The results shed light on discrepancies among
the participants: While they share doubt about carbon capture, utilization and storage, the experts differ widely in their assessments of
other options. We conclude by outlining a strategy harmonizing divergent assumptions and expectations.
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Abstract

Low-carbon energy districts are considered to play important roles for
achieving the ambitious climate targets set by the Paris Agreement. While
such districts are expected to integrate all dimensions of sustainability,
assessing their sustainability performance remains challenging. Against
this background, we take multi-criteria mapping (MCM), a deliberative
and stakeholder-driven multi-criteria decision-making approach, to
evaluate Graz University of Technology’s current efforts to turn its largest
campus into a low-carbon energy district. Based on scoping interviews,

a focus group, and eleven mapping sessions with key stakeholders,

nine core options were identified and assessed. By analyzing quantitative
assessments and the specific criteria and argumentation patterns that
underlie these assessments, our study “opens up” different perspectives
on potential implementation options and highlights the complex and
contradictory nature of sustainable (energy) transformations at the
district level. The study concludes with the suggestion of using future
workshops to align diverging perspectives and expectations.
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U niversities are being more frequently expected to become
positive role models in (contributing to) achieving sustain-
able development goals (Purcell et al. 2019, Leal Filho et al. 2020,
Gratzer et al. 2019). To take on such a role model function, these
universities must perform activities in multiple fields of action,
including education, research, governance and operation (Schopp
etal. 2020, Amaral et al. 2020). In order to address the latter field
of action, which comprises efforts to transform the physically
built environment, more universities are planning to retrofit their
campuses and turn them into climate-neutral energy districts
(Opel et al. 2017, Zheng et al. 2021, Tian et al. 2022, Getzinger
and Thaler 2023, in this issue).

District-scale solutions are considered to play important roles
for mitigating climate change (Sareen et al. 2022). According to
UNEP (2022, p. 42), the building sector was responsible for 37%
of global carbon dioxide emissions in 2021; thus, it is critical in
the transition to a post-carbon society. At the same time, build-
ing-related emissions have increased in recent years despite im-
provements in energy efficiency and continuous efforts to re-
duce the sector’s environmental impact (Brozovsky et al. 2021).
To reverse this trend, efforts are being made to shift the focus
beyond individual buildings to the district level (Becchio et al.
2018). These efforts have resulted in the development of various
concepts, including “net (or nearly) zero-energy districts” (Heen-
deniya et al. 2020), “net zero-energy neighborhoods” (Cortés et
al. 2020) and “positive energy districts” (Jepsen et al. 2022).
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Because shifting the focus away from individual buildings to
a district or neighborhood level is a relatively novel approach, open
questions and unknown factors still exist (Sareen et al. 2022). For
instance, a key challenge is the required (smart) integration of
different systems, infrastructures and technologies and the ques-
tion of how to optimally operate such integrated configurations
(Cortés et al. 2020, Adhikari et al. 2012). An even greater chal-
lenge is precisely how to redesign existing districts to “secure
energy supply as well as a good life for all in line with social,
economic and environmental sustainability” (JPI Urban Europe
and SET Plan Action 3.2 2020, p. 7). To smooth the decision-
making process and select the most appropriate transformation
pathway for a district, scholars have developed optimization mod-
els (Chacén etal. 2022, Heendeniya et al. 2020, Jepsen et al. 2022),
conducted cost-benefit analyses (Becchio et al. 2018, Saarloos
and Quinn 2021) and applied the Life-Cycle Assessment (LCA)
methodology (Moslehi and Reddy 2019).

In addition, some researchers have suggested the use of mul-
ti-criteria decision-making (MCDA) tools to identify optimal im-
plementation pathways for energy districts (Yuan et al. 2020, Saf-
der et al. 2019, Yang et al. 2018). Since energy districts are char-
acterized by multidimensional objectives that are associated with
numerous, potentially conflicting criteria, applying such tools
can yield valuable insights. However, the tools used in the above-
mentioned studies generally apply conventional MCDA princi-
ples; thus, they are used to identify single-best options and tend
to neglect ambiguities inherent to sustainability assessments
(Stirling 2010). Furthermore, these tools were based on prede-
fined criteria, thereby limiting the ability of study participants
to apply their own principles of assessment.

To fill this lacuna, we take an alternative, deliberative and
stakeholder-driven MCDA approach, multi-criteria mapping
(MCM), to evaluate Graz University of Technology’s current ef-
forts to turn its largest campus into a sustainable, low-carbon
energy district. Along these lines, we conceptualize the planned
district as an emerging socio-technical system that requires
“profound innovations from architectural, planning and con-
struction points of view” (Sibilla and Abanda 2022, p. 2).

Institutional context: The innovation district

In 2020, the Roadmap — Climate Neutral TU Graz 2030 was
launched. This roadmap defines more than 40 measures that
can be applied to achieve climate neutrality, bundled into ten
action areas (Getzinger 2021). Discussions about the best way to
implement the defined measures spawned the idea of creating
an urban innovation area. As a result, the Innovation District
Inffeld was founded to create a fruitful innovation environment
on the largest of the three university campuses (Inffeld Campus)
and support research and development to achieve climate neu-
trality by the year 2030 (Pabst 2021). The campus is within the
Graz city limits and currently contains 27 buildings with a gross
floor area 0f 130,000 m2, which will be expanded by about 5,000
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m2 per year. The site hosts 22 university institutes and 8 cooper-
ative research companies (“Competence Centres”). It contains
offices and lecture halls as well as energy-intensive laboratories,
large-scale test rigs and extensive workshops. Most of the em-
ployees on the campus are research staff working in the fields
of electrical engineering, mechanical engineering and comput-
er science.

To support the development of the Innovation District Inf-
feld on the behalf of the research institutes located on campus,
the research project User-Centered Smart Control and Planning
of Sustainable Microgrids was initiated in 2021 (UserGRIDs 2021).
In the project, the Innovation District Inffeld is used as a case
study to develop digital methods (“digital energy services”) that
can be used to decrease the greenhouse gas emissions of urban
districts. The application of the MCM approach presented in this
study was the first step taken to involve the inter- and transdisci-
plinary project consortium. This consortium includes stakehold-
ers with highly relevant technical expertise and/or decision-mak-
ing authority regarding the transition process of the campus.

Multi-criteria mapping

While traditional multi-criteria analyses can be carried out to
find single-best options, MCM can be used to explore “the ways
in which different pictures of strategic choices change, depend-
ing on the view that is taken” (Coburn et al. 2019, p. 10), and to
map the opinions and argumentation patterns that underlie
(quantitative) assessments. More precisely, MCM is a heuristic
multi-criteria approach that: 1. includes a diversity of relevant per-
spectives, 2. illuminates competing views, and 3. puts the par-
ticipants “in the driving seat”. (For details, see Stirling and Mayer
2001.) MCM “focuses equally on quantitative representations of
performance under different perspectives” and on “document-
ing qualitative information concerning the reasons for perfor-
mance patterns and uncertainties under each perspective” (Ra-
ven etal. 2017, p. 584). The tool is especially appropriate when no
clear “either-or” decision is possible.

The web-based software tool MCM was used in our study,
which had three phases: 1. preparing the MCM project, 2. one-
on-one mapping sessions with stakeholders, and 3. analyzing
the mapping results. The preparatory phase included defining
the focal goal, formulating core options and recruiting study
participants. Considering the climate-neutrality strategy of Graz
University of Technology, the defined goal was to turn the main
campus of the university into a low-carbon energy district. We then
analyzed 22 scoping interviews to identify the options available
to achieve this focal goal. These interviews had been conducted
at the beginning of the UserGRIDs project with both project mem-
bers and representatives of project-external institutes and com-
petence centers who were deemed to have potentially relevant
technical knowledge (figure 1). In addition, we organized a focus
group with three key stakeholders, then held two written feed-
back rounds. Table 1 (p. 252) shows the final set of options that
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were formulated. For the individual mapping sessions, eleven
persons were recruited (figure 1): eight members of the User-
GRIDs project and three institute/competence center represen-
tatives who had shown a strong degree interest during the scop-
ing interview and were willing to participate. Two of these in-
stitutes/centers represented the largest energy consumers on
campus. The UserGRIDs project members were recruited from
across the inter- and transdisciplinary consortium. Mapping
participants are coded with P1 ... P11 below.

The mapping sessions lasted two to three hours each and
were recorded and transcribed. These sessions began with an
explanation of the predefined options to ensure that the inter-
viewees were familiar with them (and to give the participants the
chance to define additional options). Subsequently, participants
were asked to define their individual criteria (i.e., all factors they
considered when choosing options or comparing their pros and
cons). During this step, the influence over the participants’ choic-
es was kept as low as possible. Once the criteria had been for-
mulated, the participants were asked to evaluate the options for
each criterion on a scale from 0 (low performance) to 100 (good
performance). To consider 1. uncertainties (lack of information),
2. variability (if the assessment depends on context factors), or
3. sensitivity (if several assumptions are equally plausible), op-
timistic and pessimistic scores had to be defined (Stirling and
Mayer 2001). Care was taken to ensure that the participants jus-
tified and explained each score so that we clearly understood the
underlying logics. After assessing the options, the participants
were asked to weight the criteria and critically evaluate the final
ranking.

Once all of the one-on-one mapping sessions were complet-
ed, the aggregate assessment scores were calculated and visual-
ized (for the underlying calculations, see Coburn et al. 2019, an-
nex A). The participants’ considerations and key points of reason
were also analyzed to interpret the quantitative patterns.
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FIGURE 1: Stakeholder groups
associated with efforts to establish a
climate-neutral campus. Groups that
were represented in scoping interviews
and mapping sessions are shown in
green.
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Mapping results

Figure 2 (p. 253) shows the final scores aggregated across all par-
ticipants and all criteria. Considering the averages for the opti-
mistic and pessimistic mean scores (i.e., the median points be-
tween the two ends of the orange bars), the options demand-side
management (DsM) and renewable electricity generation (Ren) have
the highest scores, whereas carbon capture, utilization and storage
(CCUS) has the lowest score. However, given the uncertainty
ranges associated with the scores (length of orange bars), the
ranking changes depending on which scenarios are considered.
For instance, while the general assessment of the option energy
communities (EnCo) is rather moderate, its most optimistic score
is still higher than the DsM pessimistic score. The variability of
the ranking is also influenced by the fact that the level of uncer-
tainty differs significantly, with DsM and CCUS showing the
highest levels, and Ren and purchase of UZ 46 electricity (UZ 46)
showing the lowest levels. In addition to the predefined options,
four further options were suggested: energy efficiency in buildings,
wood constructions, self-commitment of institutes and use of environ-
mental heat.

Overall, the participants defined 49 criteria, which were
grouped into 15 main criteria and five categories: 1. environmen-
tal aspects, 2. political feasibility, 3. social impact, 4. economic
aspects, and 5. other aspects (table 2, p. 254). Below, the assess-
ment results are analyzed in more detail by illustrating the scores
for each category (see figure 3 for the rankings aggregated by cat-
egory, p. 255). The explanations are based on qualitative state-
ments made in the mapping sessions.

Environmental aspects

Environmental aspects consist of the criteria decarbonization,
conservation of resources, and campus-based contribution (i.e.,
the degree to which the options avoid shifting resources away
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TABLE 1: Predefined options (potential strategies to achieve climate neutrality on campus).

OPTIONS DEFINITIONS

alternative fuels (AlFu)

Switch to alternative or, whenever possible, renewable fuels (liquid and gaseous) on campus to

significantly reduce greenhouse gas emissions.

demand-side management (DsM)

Intelligent control of power and heat and demand-side timing of power-intensive tests and trials,

considering their start time, trial duration and power peak.

electric car charging stations (ECar)

Installation of electric car charging stations to help decarbonise commuter and visitor traffic.

This option includes the use of PV electricity and bidirectional charging stations.

energy communities (EnCo)

Expansion of local energy production networks, where Inffeld Campus serves as the main

consumer, to ensure a low-carbon supply of electricity, heat and fuels.

renewable electricity generation (Ren)
facilities.

Increased use of electricity from PV systems and other on-site renewable power generation

seasonal thermal storage (SeSt)

Construction and utilization of seasonal heating and cooling storage facilities to make the best

possible use of waste heat, electricity surpluses and solar radiation.

electricity storage (EleSt)

Construction and utilization of electricity storage facilities with high storage capacities to store

self-generated electricity or electricity from the public grid.

purchase of UZ 46 electricity (UZ46)

Purchase of green electricity certified according to the Austrian UZ 46 standard to ensure the use

of low-carbon electricity from the public grid.

carbon capture, utilisation and storage (CCUS) Construction and use of carbon capture installations to spatially and/or chemically fix carbon
emissions and, ideally, recycle them to create more resources.

from somewhere else). The best-rated options' were purchase of
UZ 46 electricity, seasonal thermal storage, and demand-side man-
agement. The former two were rated positively in terms of their
decarbonization potential: only P9 argued that the use of UZ 46
electricity would not lead to real greenhouse gas savings, as these
savings are also urgently needed somewhere else. However, the
ratings for demand-side management were ambiguous on this
point: some participants argued that demand-side management
only brings about minor savings (P1, P3, P11), while P7 and P9
referred to efficiency gains as well as to synergistic effects with
the other options (e.g., claiming that it had a higher decarbon-
ization potential when combined with seasonal storage).

Renewable electricity generation also scored well but was rated
poorly by some participants due to its lack of contribution to re-
source savings and the low expansion potential on campus. Re-
garding the option electricity storage, the assessments differed
based on the participants’ assumptions about alternatives. Cit-
ing UZ 46 electricity as an ideal decarbonization option, P7 and
P10 only saw a limited decarbonization potential for electricity
storage systems. In contrast, P11 expected the future availabili-
ty of UZ 46 electricity to be limited; therefore, they viewed elec-
tricity storage as an effective option. In terms of seasonal ther-
mal storage, P10 and P11 pointed out difficulties associated with
receiving decarbonized heat from off-campus, while P7 empha-
sized the limited potential of storing heat emitted by and on
campus.

The options alternative fuels, electric car charging stations and
energy communities scored the worst. Regarding alternative fuels,
conversion inefficiencies (P3, P7, P10) and low consumption vol-
umes on campus (P11) were highlighted. The latter aspect was
also emphasized in the context of electric car charging stations

(P2, P11). The assessment of energy communities depended on
how the system boundary was drawn. While P9 and P10 inter-
preted energy communities as being a fully integrated part of the
campus, P5 saw them as external elements and rated their on-
site contribution poorly. Carbon capture, utilization and storage
was rated positively; however, the environmental performance
of this option was only assessed by three participants (P1, P3,
P5), and P1 pointed out an uncertainty regarding its decarbon-
ization potential, since how the carbon-holding materials would
be handled afterwards is currently unknown.

Political feasibility

The political feasibility group comprises the criteria stakehold-
er acceptance, internal legitimacy and active support. The op-
tion renewable electricity generation was ranked highest in this
category. The participants generally agreed that this option is
internally legitimized, actively supported and accepted by the
public. Electricity storage was assessed similarly by the partici-
pants. Alternative fuels, electric car charging stations and purchase
of UZ 46 electricity were rated rather positively as well. Still, some
participants (P5, P8) rated the internal legitimacy of the latter
as low with reference to competence centers, because these cen-
ters — organized as companies — must pay for the electricity costs
themselves. In terms of electric car charging stations, legitima-
cy problems were expected as well by P1, P2, P4 and P11. These
participants stated that, while those who currently commute
with a fossil-fueled car would feel forced to switch to an electric
car, those who proactively push for sustainable mobility would

1 If not stated otherwise, the rankings presented in the mapping results sections
are based on the averages of the optimistic and pessimistic mean scores.
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demand active mobility, rather than scaling up the number of
electric cars.

Demand-side management was rated rather negatively, because
the participants assumed that the measures associated with it
would restrict everyday research operations (P2, P4). Referring to
potential positive effects for digital energy service (DES) manag-
ers, however, P6 indicated a wide range of uncertainty in this re-
gard. P5, in turn, argued that a large proportion of the stakehold-
ers would not be affected by the measures and would thus tend
to have an indifferent attitude. The option that performs worst
is CCUS, but, at the same time, the ratings for this option show
the highest ambiguity: P2 categorically rejected CCUS, while P1
and P4 emphasized the emotional nature of the topic and did not
rule out growing support in the future, both from the public and
at the university.

Social impact

This group is made up of the criteria user comfort, safety, and
change in awareness. The option demand-side management is
among the best-ranked options, but its ratings are also subject to
the greatest individual uncertainties. This is mainly due to the
fact that negative impacts were expected for research staff work-
ing in energy-intensive facilities. The participants also experi-
enced difficulties in assessing the associated loss of comfort,
such as the potential need to conduct experiments at night. P10,
however, expected that this form of management would signifi-
cantly simplify the daily work routine of those responsible for en-
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ergy management, leading to clear improvements in user com-
fort. The options electric car charging stations and seasonal thermal
storage were also rated comparatively positively (except by P6 and
P10, who did not see a significant impact on user comfort). P7,
for instance, argued that seasonal thermal storage could improve
cooling performance in summer and increase thermal comfort.

Economic aspects

The economic aspects category consists of the criteria abatement
costs, investment and operational costs, and life-cycle costs. The
options renewable electricity generation and demand-side manage-
ment were ranked highest. With regard to renewable electricity
generation, participants argued uniformly that renewables are
already profitable and that economic feasibility would only im-
prove as energy costs rise. Thus, investment, operational and
abatement costs were assessed consistently positively. Due to the
high flexibility as a software solution and the manageable devel-
opment costs, demand-side management was seen as a highly
viable option as well. Although all participants underlined the
low investment and operating costs, P6 pointed out that unex-
pected additional costs could arise for competence centers due
to potential operational restrictions. Different evaluations were
also linked with seasonal thermal storage. While P1 and P11 rated
the economic performance as very poor due to the high invest-
ment costs, P4 and P6 rated this more positively, as they expect-
ed low abatement costs once the technology matured. The great-
est uncertainty regarding costs was related to alternative fuels, a
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TABLE 2: Assessment criteria defined by the participants. The numbers in brackets show how many participants mentioned the criterion. The aggregate

weighting of the categories decreases from left to right (i. e., environmental aspects were weighted as most important).

ENVIRONMENTAL
ASPECTS

POLITICAL
FEASIBILITY

m stakeholder
acceptance (4)

m internal legitimacy (4)

m active support (2)

m decarbonization (6)

m conservation of
resources (4)

m campus-based
contribution (3)

u safety (1)

SOCIAL IMPACT

m user comfort (4)

m change in
awareness (1)

ECONOMIC ASPECTS OTHER ASPECTS

m abatement costs (4)
m investment and

operational costs (3)
m life-cycle costs (1)

m strategic management
and planning (5)

m technological readiness (4)

m geospatial feasibility (3)

result which can be attributed to the range of applications and
pathways associated with the option. The worst-performing op-
tion was again CCUS; participants who rated this option con-
sidered it to be economically unfeasible.

Other aspects

This category subsumes the criteria strategic management and
planning, technological readiness, and geo-spatial feasibility. The
best-rated options were renewable electricity generation and demand-
side management. While the former was considered as mature
and easy to apply on campus, the latter was evaluated differently
among the participants due to emphases on different measures.
The options electricity storage and seasonal thermal storage were
considered as highly important from a strategic management
perspective (contributing to the stability of the overall energy sys-
tem). At the same time, P3 and P6 pointed out geospatial diffi-
culties associated with the local implementation of seasonal stor-
age systems. Assessments of the strategic importance of alterna-
tive fuels varied strongly. While some participants highlighted
public grid support and attributed less importance to this option
(P10, P11), others stressed the strategic relevance of working on
hydrogen solutions by highlighting the prospective role of hydro-
gen in the future energy system (P3, P8). Lastly, P3 linked energy
communities with the possibility to implement a more flexible
energy management system on campus. Participants gave con-
tradictory answers to the question of whether this option would
lessen the burden on the public electricity grid (P10, P11).

Lessons learned and outlook

In this study, decarbonization options for the Graz University
of Technology Inffeld Campus were identified and subsequent-
ly assessed by 11 key stakeholders. While the aggregate scores al-
low us to distinguish between better- and worse-performing op-
tions, the rankings of the individual participants show notable
differences. This is particularly remarkable given the fact that all
participants are qualified in energy technologies and are very fa-
miliar with the campus. Many of these differences can be ex-
plained by the specific sets of criteria selected by the individual
participants. In some cases, however, the participants’ assess-
ments diverged substantially even when they referred to the same
criteria.

These less obvious cases occurred for multiple reasons. First,
assessments diverged because of the different but equally plau-
sible estimations of future developments. This happened, for in-
stance, when the decarbonization potential of electricity storage
systems was rated differently based on the expected future avail-
ability of UZ 46 electricity. Second, the mapping exercises left
room for individual assumptions regarding precise delimitations
of the infrastructural and technological scope. For example, the
assessments about the decarbonization potential of demand-side
management varied depending on whether synergies with other
options had been considered or not. Third, divergent evaluations
can be explained by the fact that the participants viewed the ques-
tions from their personal and professional perspectives (see fig-
ure 1). Finally, participants sometimes simply lacked relevant
knowledge, such as when one participant did not consider the
continuous investments in expanding renewable energy produc-
tion that are associated with the UZ 46 electricity scheme.

By revealing stakeholder perspectives in a systematic way, our
study complements the approaches previously used in the con-
text of innovation districts (e. g., optimization models, cost-ben-
efit analysis, standard multi-criteria analysis). It provides crucial
insights about the campus and its transformation efforts. Con-
trary to ex ante expectations, the mapping exercise revealed ma-
jor discrepancies regarding the assumptions and perceptions of
the participating stakeholders (who play critical roles in the de-
cision-making process). Our findings thus indicate the impor-
tance of initiating a consensus-building process in the context of
developing low-carbon energy districts, especially at the univer-
sity campus level where many stakeholder groups are involved.
Moreover, our study demonstrates the value of the MCM in pro-
viding a starting point for facilitating such a process by identi-
fying specific uncertainties, ambiguities, and potential lines of
conflict.

There are several limitations in this study that should be ad-
dressed in future research. First, our analysis addressed only one
of several fields of action that universities need to consider to be-
come role models for sustainability transitions. Assessing and
comparing options from other fields of action, such as education
or governance, or across multiple fields would nicely continue
the research presented in this paper. Second, while our analysis
included social aspects through the criteria applied in the map-
ping sessions, social sustainability such as inclusiveness and user
comfort should be emphasized more explicitly in future research

GAIA 32/2(2023): 249-256
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in the operation field of action. Third, important stakeholder
groups such as students and neighbors were excluded from our
analysis. While we focused on stakeholders with relevant tech-
nical expertise and decision-making authority, it would be an in-
teresting avenue for future researchers to analyze the perspec-
tives of these missing groups in terms of both identifying and
assessing implementation options.

Finally, our study “opens up” stakeholder perspectives and as-
sociated discrepancies but does not indicate how these perspec-
tives can be aligned. In the case of the Inffeld Campus, a series
of future workshops are planned to facilitate this alignment and
provide a decision-making basis for the rectorate, which will make
the final decisions. These workshops will comprise the follow-
ing three phases (Jungk and Miillert 1987): 1. a critique phase, in
which the findings of the mapping sessions are presented and
discussed (information), 2. a visionary phase, in which the par-
ticipants try to envision potential concepts and transformation
pathways (creation), and 3. a study phase after each workshop, in
which the envisioned concepts are evaluated in terms of their
contribution to achieving the target and their potential for reali-
zation (validation). While this alignment strategy will be applied
and evaluated in the years 2023 to 2025, more research is need-
ed to develop and assess approaches that allow for “closing down”
and facilitate decision-making in situations of uncertainty and
ambiguity.

Acknowledgement: We thank three anonymous reviewers for their helpful
comments.

Funding: The research presented has received funding from the

Austrian Climate and Energy Fund, under grant no. 880792 (UserGRIDs),
in cooperation with Green Energy Lab.

GAIA 32/2(2023): 249-256

Competing interests: GG, TM, and SP are engaged in the development of the
innovation district under investigation and have professional relationships
with several interview partners. However, none of them were involved in the
data collection and investigation process and they had only access to the
anonymized interview/mapping results.

Author contribution: MK: conceptualization, methodology, data curation,
writing, visualization, revision; NK: investigation, data curation, writing,
revision; GG: supervision, writing, revision; SP: conceptualization, funding
acquisition; TM: supervision, funding acquisition, writing, visualization.

References

Adhikari, R.S., N. Aste, M. Manfren. 2012. Optimization concepts in district
energy design and management — A case study. Energy Procedia 14:
1386—1391. https://doi.org/10.1016/j.egypro.2011.12.1106.

Amaral, A.R., E. Rodrigues, A.R. Gaspar, A. Gomes. 2020. A review of
empirical data of sustainability initiatives in university campus operations.
Journal of Cleaner Production 250: 119558.
https://doi.org/10.1016/j.jclepro.2019.119558.

Becchio, C., M. C. Bottero, S.P. Corgnati, F. Dell'’Anna. 2018. Decision making
for sustainable urban energy planning: an integrated evaluation framework
of alternative solutions for a NZED (Net Zero-Energy District) in Turin.
Land Use Policy 78: 803—817. https://doi.org/10.1016/j.landusepol.2018.06.048.

Brozovsky, ., A. Gustavsen, N. Gaitani. 2021. Zero emission neighbourhoods
and positive energy districts — A state-of-the-art review. Sustainable Cities
and Society 72:103013. https://doi.org/10.1016/j.5cs.2021.103013.

Chacén, L., M. Chen Austin, C. Castafio. 2022. A multiobjective optimization
approach for retrofitting decision-making towards achieving Net-Zero
Energy Districts: A numerical case study in a tropical climate.

Smart Cities 5/2: 405—-432. https://doi.org/10.3390/smartcities5020023.

Coburn, J., A. Stirling, F. Bone. 2019. Multicriteria mapping manual. Version
3.0. Brighton: SPRU — Science Policy Research Unit, University of Sussex.

Cortés, P, P. Auladell-Leén, ). Mufiuzuri, L. Onieva. 2020. Near-optimal
operation of the distributed energy resources in a smart microgrid
district. Journal of Cleaner Production 252: 119772.
https://doi.org/10.1016/].jclepro.2019.119772.



256 SN

Getzinger, G. 2021. Klimaneutrale TU Graz 2030. Graz University of Technology.
www.tugraz.at/en/tu-graz/university/climate-neutral-tu-graz/roadmap
(accessed June 26, 2023).

Cetzinger, G., J. Thaler. 2023. Ziel Klimaneutralitdt — ein Leitfaden der
Allianz Nachhaltige Universitéten in Osterreich. GAIA 32/2: 274-276.
https://doi.org/10.14512/gaia.32.2.14.

Gratzer, G., A. Muhar, V. Winiwarter, T. Lindenthal, V. Radinger-Peer, A. Melcher.
2019. The 2030 Agenda as a challenge to life sciences universities.

GAIA 28/2: 100-105. https://doi.org/10.14512/gaia.28.2.7.

Heendeniya, C.B., A. Sumper, U. Eicker. 2020. The multi-energy system
co-planning of nearly zero-energy districts — Status-quo and future
research potential. Applied Energy 267: 114953.
https://doi.org/10.1016/j.apenergy.2020.114953.

Jepsen, B.K.H., T.W. Haut, M. Jradi. 2022. Design, modelling and
performance evaluation of a positive energy district in a Danish island.
Future Cities and Environment 8/1. https://doi.org/10.5334/fce.146.

JPI Urban Europe, SET Plan Action 3.2. 2020. White paper on PED reference
framework for positive energy districts and neighbourhoods.
https://jpi-urbaneurope.eu/ped (accessed June 26, 2023).

Jungk, R., N. Miillert. 1987. Future workshops: How to create desirable futures.
London: Institute for Social Inventions.

Leal Filho, W. et al. 2020. Universities as living labs for sustainable development:
Supporting the implementation of the sustainable development goals. Cham:
Springer Nature Switzerland. https://doi.org/10.1007/978-3-030-15604-6.

Moslehi, S., T.A. Reddy. 2019. An LCA methodology to assess location-specific
environmental externalities of integrated energy systems. Sustainable
Cities and Society 46: 101425. https://doi.org/10.1016/j.5cs.2019.101425.

Opel, O., N. Strodel, K. F. Werner, J. Geffken, A. Tribel, W. K. L. Ruck. 2017.
Climate-neutral and sustainable campus Leuphana University of Luene-
burg. Energy 141: 2628 —2639. https://doi.org/10.1016/j.energy.2017.08.039.

Pabst, S. 2021. Energiepolitik 2021+. Graz University of Technology.
https://www.tugraz.at/en/tu-graz/university/climate-neutral-tu-graz/
innovation-district-inffeld (accessed June 26, 2022).

Purcell, W. M., H. Henriksen, ]. D. Spengler. 2019. Universities as the engine
of transformational sustainability toward delivering the sustainable
development goals: “Living labs” for sustainability. International Journal
of Sustainability in Higher Education 20/8: 1343-1357.
https://doi.org/10.1108/1)SHE-02-2019-0103.

Raven, R. et al. 2017. Unpacking sustainabilities in diverse transition contexts:
Solar photovoltaic and urban mobility experiments in India and Thailand.
Sustainability Science 12/4: 579—596. https://doi.org/10.1007/s11625-017-0438-0.

Saarloos, B.A., J.C. Quinn. 2021. Net-zero energy districts and the grid: An ener-
gy-economic feasibility case-study of the National Western Center in Denver,
CO, USA. Buildings 11/12: 638. https://doi.org/10.3390/buildings11120638.

Safder, U., P. Ifaei, C. Yoo. 2019. Multi-scale smart management of integrated
energy systems, Part 2: Weighted multi-objective optimization, multi-
criteria decision making, and multi-scale management (3M) methodology.
Energy Conversion and Management 198: 111830.

Sareen, S. et al. 2022. Ten questions concerning positive energy districts.
Building and Environment 216: 109017.
https://doi.org/10.1016/j.buildenv.2022.109017.

Schopp, K., M. Bornemann, T. Potthast. 2020. The whole-institution approach
at the University of Tiibingen: Sustainable development set in practice.
Sustainability 12/3: 861. https://doi.org/10.3390/su12030861.

Sibilla, M., F.H. Abanda. 2022. Multi-criteria decision making optimisation
framework for positive energy blocks for cities. Sustainability 14/1: 446.
https://doi.org/10.3390/5u14010446.

Stirling, A. 2010. Keep it complex. Nature 468:1029-1031.
https://doi.org/10.1038/4681029a.

Stirling, A., S. Mayer. 2001. A novel approach to the appraisal of technological
risk: A multi-criteria mapping study of a genetically modified crop.
Environment and Planning C: Government and Policy 19: 529—555.
https://doi.org/10.1068/c8s.

Tian, X., Y. Zhou, B. Morris, F. You. 2022. Sustainable design of Cornell
University campus energy systems toward climate neutrality and
100% renewables. Renewable and Sustainable Energy Reviews 161: 112383.
https://doi.org/10.1016/j.rser.2022.112383.

Michael Kriechbaum et al.

UNEP (United Nations Environment Programme). 2022. 2022 global status
report for buildings and construction: Towards a zero-emissions, efficient and
resilient buildings and construction sector. Nairobi: UNEP.
https://wedocs.unep.org/handle/20.500.11822/41133 (accessed June 26, 2023).

UserGRIDs. 2021. Development and demonstration of digital energy services to
reduce greenhouse gas emissions on a research campus. Green energy lab.
https://greenenergylab.at/en/projects/usergrids (accessed June 26, 2023).

Yang, K., Y. Ding, N. Zhu, F. Yang, Q. Wang. 2018. Multi-criteria integrated
evaluation of distributed energy system for community energy planning
based on improved grey incidence approach: A case study in Tianjin.
Applied Energy 229: 352-363. https://doi.org/10.1016/j.apenergy.2018.08.016.

Yuan, J., Y. Li, X. Luo, Z. Zhang, Y. Ruan, Q. Zhou. 2020. A new hybrid
multi-criteria decision-making approach for developing integrated energy
systems in industrial parks. Journal of Cleaner Production 270:122119.
https://doi.org/10.1016/j.jclepro.2020.122119.

Zheng, N. et al. 2021. Research on low-carbon campus based on ecological
footprint evaluation and machine learning: A case study in China. Journal of
Cleaner Production 323:129181. https://doi.org/10.1016/j.jclepro.2021.129181.

;\ﬁ!
*‘w i processes that underlie sustainability transitions. Particular
focus on cultural-cognitive structures and the role of discur-

sive activities and framing dynamics in innovation and transition processes.

Michael Kriechbaum

Postdoctoral researcher at the STS — Science, Technology and
Society Unit of Graz University of Technology and university
assistant at the Institute of Environmental Systems Sciences
of the University of Graz, AT. Research interests: institutional

Nicolas Katzer

Studies in sustainable development at the University of Graz,
AT, and the University Ca’Foscari in Venice, IT. Since 2019,
head of the regional group Graz of Engineers without Borders
Austria. Since 2020, work with the startup Strateco in Graz
researching and evaluating ecological performances of various
products, processes, and services via life-cycle assessments
and circularity analyses. Assistant in various sustainability research projects in-
cluding the UserGRIDs project at TU Graz.

Giinter Getzinger

Studies in chemical engineering at Graz University of Technol-
ogy, AT, philosophy and social sciences at the University of
Graz and Klagenfurt University, AT. Founder of IFZ — Interdis-
ciplinary Research Centre for Technology, Work and Culture
in Graz, former head of the Institute of Technology and Sci-
ence Studies, Klagenfurt University. Since 2018 head of the
STS — Science, Technology and Society Unit of Graz University of Technology.
Research interests: carbon management, sustainable energy, mobility systems.

=

Siegfried Pabst

Studies in process engineering. More than ten years work in industry as a facility
manager in the areas of mechanics, electrics and electronics. Since 2012 head of
facility management at Graz University of Technology, AT. Responsibilities: ener-
gy management system (heating, cooling, electricity, mobility), construction and
infrastructure projects. Strong involvement in the establishment of the Innovation
District Inffeld and its ongoing development into a sustainable urban quarter.

Thomas Mach

Studies in architecture at Graz University of Technology, AT, 2008 PhD in me-
chanical engineering. From 2014 to 2018 coordinator of the Austrian Research
Studio EnergySimCity, where methods for modelling complex urban energy sys-
tems were developed. Manager of the UserGRIDs project since 2021. Project sen-
ior scientist at Graz University of Technology, working areas: energy efficient build-
ings, urban energy systems, building simulation, integral planning processes.

GAIA 32/2(2023): 249-256



