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Abstract

Data Centers, leading sectors of the digital economy, have a significant environmental impact. Their
carbon footprint is a cause for concern. Since the existence of the IT sector depends on them,
companies in the sector must plan strategies to impact less on the environment. Data center
operators have identified the circular economy as a way to become sustainable. Until yesterday
the orientation was to repair, reuse its servers and also recycle the heat to heat the buildings.
Today, there are no studies on reusing waste heat from data centers for growing food. The general
objective of the study is to provide support tools to data center companies to achieve greater
diffusion of waste heat recovery projects and their related use in the agricultural sector. The article
discusses how waste heat from data centers could be recovered and reused for the cultivation of
agricultural products, illustrating the case of the “QScale” project from the perspective of the circular
model; a technological solution characterized by the meeting between a modern and a traditional
sector in which the innovation and digital nature of data centers are combined with the tradition of
the agricultural sector.
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1. INTRODUCTION

Today, waste heat is considered by data center (DC) companies as a source of revenue. It
represents a large untapped potential in the transformation of green energy. In the international
data center technology market, a small share of operators is orienting their business model on the
reuse of waste heat from their facilities, with the aim of optimizing it and being more virtuous from
the point of view of environmental sustainability. The article is based on the assumption that the
energy generated by data centers comes mainly from non-renewable sources (De Gaetano, 2025),
and waste heat can be recovered and reused as a new resource. We therefore focus on the
evaluation of circular economy models, viable on the heat emitted by data centers that, if not used,
is discarded.

The contribution that the article makes to the literature on the environmental impacts of data centers
is to describe a new approach in the path towards achieving the objectives of climate neutrality and
environmental sustainability of data centers: the reuse of waste energy or heat in greenhouses,
based on the new paradigm of the circular economy. Waste and waste are considered a potential
value to be exploited, a value that is reborn thanks to the circular process. Many definitions have
been given on the circular economy (CE). It represents a framework of solutions (Ellen Macarthur
Foundation, 2020), which becomes a business model that seeks to solve major challenges and
global problems (Chabowski et al., 2025). The problems it addresses are different; climate change,
biodiversity loss, waste and environmental pollution perceived with growing interest by all
governments, which are trying to implement more effective policies in promoting environmental
sustainability and mitigating pollution (Aura & Scalera, 2024). The circular economy, presenting
itself as the true pillar of the energy transition, leads us into a world where new business models
are created, in which consumers themselves ask, inform themselves and want to understand how
a product is built, transported, packaged, delivered, consumed and disposed of (Aura, 2022). Also
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understood as a system useful for reorganizing the flows of matter, information and energy, to
improve resource efficiency through the reuse, regeneration and recycling of materials (Puntillo et
al., 2021). A circular economy has the potential to lead to sustainable development, decoupling
economic growth from the negative consequences of resource depletion and environmental
degradation (Murray et al., 2017; Babbitt et al., 2018; Hofmann, 2019). Policy makers and scholars
are questioning how to use excess heat from data centers, considered the least desirable form of
energy, as it is difficult to distribute and use (Terenius et al., 2023), in order to achieve carbon
neutrality by 2030 as part of the European Green Deal. The introduction of a circular economy
model, and therefore the sustainability of data centers, is a highly debated aspect by the European
Commission, which is seeking solutions and interventions aimed at integrating the principles of the
circular economy into cloud computing and data centers. Currently, everything that represents
information and communication technologies plays a key role in promoting sustainability (Core et
al., 2024).

For example, data centers produce waste heat, which becomes waste; since the new paradigm of
the circular economy requires us to reduce and eliminate waste, it is necessary to understand how
to manage excess heat according to the application of a circular economy model that is sustainable
towards the environment. Specifically, the contents of this article describe the benefits and
advantages that could arise from the use of waste heat from data centers, creating a circular model.
The use of excess heat has already been implemented by some data centers for the
decarbonization of operations, foreseeing its reuse in heating and district heating systems.
However, building heating is not the only innovative solution for the recycling of thermal waste
generated by data centers.

The use of waste heat is closely linked to the concept of circular economy (Murray et al., 2017) and
based on this approach, the article presents a little-explored opportunity: the capture of waste heat
from data centers and its reuse to fuel the cultivation of agricultural products in greenhouses
(Meschini et al., 2025). In this sense, the broader social impact of the use of waste heat that
becomes a new resource is highlighted. In this sense, data center structures, in addition to
consuming significant amounts of energy, will also perform a secondary function: food production
in greenhouses. The new approach is therefore rooted in the circular economy model, a sustainable
solution to reduce energy consumption, recovered heat waste and environmental impact. To
demonstrate the relationship between waste heat recovery and the circular economy model, a real
ongoing project is described: the project of the Canadian company Qscale. The work uses a
methodology, based first on a literature review and then on a case study, which is useful when you
want to delve into the dynamics in which a specific experience develops. It is a sustainable model
that uses new technologies to recover waste heat in order to produce food at reduced costs and
with zero environmental impact, starting from a resource that would otherwise be wasted. The
Canadian company QScale, based in Quebec, has been operating since 2024 and aims to make
its data centers more environmentally sustainable; The study describes it as a candidate to become
a sustainable model for other companies in the sector to follow . In addition to representing an
innovative solution in the agricultural sector, QScale’s data center could in the future generate other
innovative ways to transform waste heat. For example, tons of heating energy could be recycled to
heat swimming pool water, for fish farms, for the production of industrial insects (Siddiqui et al.,
2024) or to produce wood pellets. Today, the need to recover excess heat puts data center
companies in line with the objectives of decarbonization and sustainability.

The environmental impact of technologies and in particular of data centers is a sensitive issue, at
the heart of the double transition launched by the EU: the green one and the digital one. Data
centers, reproduce both the heart and the nervous system of the digital economy and represent
the information backbone of an increasingly digitalized world (Masanet et al., 2020); they have
simply become indispensable following the digitalization of the economy and its new uses. As
structures used to host IT systems and associated components, more energy-intensive (Lee,
2013), like all industrial structures, they consume energy and produce heat. It is necessary to
assume environmental and social responsibility also in the storage of data managed by data
centers, which must be energy efficient and meet strict requirements for hazardous substances.
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Since the high demand for data use contributes directly to the climate crisis, today the most
advanced technologies cannot ignore an evolution compatible with environmental protection (Aura,
2021). As structures that store, process and manage data, data centers become the place where
the needs of digitalization and climate change collide perfectly, because they are corporate realities
consisting of structures known for excessive electricity consumption and heavy CO2 emissions into
the environment, equal to approximately 900 billion kilograms (Pearce, 2018), similar to those
emitted by the global aviation industry (Air Transport Action Group 2020). Their carbon footprint is
increasing, so it is necessary to find solutions based on the recovery of waste typical of the circular
economy. Reconciling digitalization and sustainability in data centers is essential, given their
significant impact in terms of energy consumption and emissions into the environment. Knowing
the electricity consumption of global data centers provides a useful point of reference to test claims
about the CO2 implications of data center services (Energy innovation, 2020). European data
centers are very energy-intensive and their operation generates heat. Some consume as much as
a large city with about 100,000 inhabitants. Much of that energy could be reused and there are
various solutions currently being considered, some already implemented; Many companies from
the North to the South of the world are changing their strategies to limit energy consumption and
CO2 emissions into the environment, in order to reach the Net Zero objective. An analysis
conducted by the European Commission (2018) reveals that “the energy consumption of data
centers in the EU was 76.8 TWh. This is expected to increase to 98.52 TWh by 2030, an increase
of 28%". These data show that data centers need to become more energy efficient and this is one
of the priorities of Agenda 2030. In 2019, the European Commission had presented some
regulations to indicate the technical standards to be followed to reduce the environmental impact
of DCs. Companies and governments in recent times, especially in America, have sought solutions
and adopted measures to make data centers more efficient and less energy-intensive. In a previous
analysis by Sovacool et al. (2022), the use of waste heat from data centers in the Nordic countries
was studied, concluding that a holistic strategy is needed. This effort has been implemented to
reduce the stress on the electricity grids that power data centers. However, there is a new approach
that has been poorly analyzed and studied: how to exploit data center waste heat for agricultural
production.

This paper contributes to the literature on this new scenario, where data centers may soon have a
new secondary function: contributing to the cultivation of food. Ultimately, the paper will provide
recommendations and practical advice for companies, which will support more sustainable data
center operations, for the benefit of all. In fact, most companies are looking for advice on where to
start. To date, there is no univocal definition of the concept, but several can be found, depending
on the multiple sectors to which they can be applied. Since waste heat is not entirely recoverable
today (Terenius et al., 2023), in addition to existing and proposed applications, the paper discusses
a new application: use in agriculture. The paper discusses the concept of waste heat in data
centers, highlighting its evolution and development in the literature. It is then demonstrated how it
can be used within the new paradigm of the circular economy, to make it a resource to be reused
and above all to achieve the objectives of reducing harmful emissions into the environment. This
demonstration is possible with the analysis of the QScale case in which a new, little-used model
for the reuse of waste heat in agriculture is illustrated. The conclusions of the article define how the
uses of waste heat can be different and can favor the improvement of the entire electrical system
if exploited in a complete and appropriate way, and what the implications of future applications may
be. The strategic goal is for Qscale to become an international example of implementing circular
economy principles at data center level.

2. LITERATURE REVIEW

In literature, the topic of data centers is addressed in various aspects, including the most relevant
one, namely the environmental impact (Rong H. et al., 2016; Shuja et al., 2016; Corbett, 2018;
Herman et al., 2018; Singh & El- Kassar, 2019; Kheybari et al., 2020; Lucivero, 2020); “Data center
energy efficiency has gained critical importance in recent years due to its high economic,
environmental and performance impact (Dayarathna et al, 2016). While ICT companies and data
centers in particular play an important role in data management and storage, they will also play a
key role in the journey towards climate neutrality (Bettiol et al., 2022). While data center
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sustainability is often focused on energy, the issue is much broader and should include without
neglecting other aspects such as corporate social responsibility (CSR), circular economy and
harmful substances. In the literature, there are studies that relate data center management to
variables such as CSR (Choi & Park, 2022; Hassan & Adhikariparajuli, 2022; Channy & Sandhu,
2025) sustainable development (Carrol, 1979; 1999; Jamali, 2008; Cordeiro & Tewari, 2015; Freda,
2017; Calvo & Calvo, 2018;) and circular economy (Nassar, 2025). However, there are gaps in
research on data centers and circular economy (Gorgan, 2024) as it is little discussed.

The study of the circular economy model in data centers is related to the recovery and reuse of
waste heat. The literature discusses the problem of recycling and reusing waste heat, which has
become a global problem. Data centers can be considered as real energy transformation devices.
They consume energy, transform it into data, work and disperse 98% of electricity in the form of
waste heat. In recent times, there has been a growing interest in the recovery of waste heat as a
renewable source (Baur, 2022). Since the electricity produced by data centers is transformed into
waste heat (Barroso et al., 2019) it is necessary to implement models for its recovery. As far back
as 1972, Beall spoke in his writings about the reuse of waste heat (Hao et al., 2025; Huang et al.,
2024).

Today, interest in these innovative methods is rapidly evolving, especially to meet the different
needs of the many case studies to which they can be applied. Digital technologies located in the
physical structures of data centers, represent a significant part of global energy consumption; these
facilities are estimated to consume 1% of electricity globally (Masanet et al., 2020), and in the
coming years, energy consumption will increase (Freitag et al., 2021); it is expected to triple or
quadruple (Belkhir & Elmeligi, 2018). These percentages are expected to increase in the coming
years due to the progress of the digital transition, therefore artificial intelligence (Al), the Internet of
Things (loT) and blockchain-based systems. It will therefore be important to try to implement new
models, alternative to those already in use to recover excess heat produced. Waste heat recovery
projects, although cutting-edge for large companies, have a huge optimization potential, but their
implementation rate is still low. In recent years, the environmental impact of data centers has been
discussed (Bilal, 2014; Schulz, 2009), both in academic and business environments; data center
operators should pay more attention to the use of renewable energy and the exploitation of waste
heat (Zhang & Yang, 2021; Meschini et al., 2025).

Liesa et al., in 2020, studied the recovery of waste heat from low-quality buildings and its valuable
reuse as thermal input for greenhouses and vice versa, in order to improve the sustainability of the
combined system. Publications and studies in this direction are growing and are interested in this
innovative phenomenon. Corporate ICT through data centers is responsible for an increasingly
significant amount of carbon dioxide emissions, consequently contributing significantly to the
corporate carbon footprint.

The debate is heated in the literature (GUgul et al., 2023); For example, “sustainability certification
for the entire process as a whole: from demolition of the old data center site to reuse of energy
resources” is being studied (Impresa City, 2023). Many works often concern renewable energy in
data centers and their consumption. “Traditional data centers consume huge amounts of electricity
generated from fossil fuels, which increases the carbon footprint in the environment” (Mandal et al.,
2022). Based on the indications contained in the US Energy Act enacted in 2021, which aims to
make data centers more energy efficient, the company QScale has created a new project powered
by 99.5% renewable sources. This data center reuses the waste heat produced to grow agricultural
products. With this approach, the areas of waste heat reuse are diverse: from heating (Wahlroos
et al., 2018; Koronen et al., 2020; Oltmanns et al., 2020) of homes and businesses, to agricultural
crops that few have evaluated.

In addition, waste heat can be used to offset heating costs (Haywood et al., 2012). Through these
methods, a “green digital ecosystem” could be created that will allow companies of any size to
adopt a concrete and sustainable approach. Unfortunately, as already widely announced, few
describe the waste heat of data centers (Terenius et al., 2023), especially its reuse in agriculture
(Meschini et al. 2025) and for food crops (Falk et al., 2025). In this sense, a new business model
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could emerge that uses waste heat to grow agricultural products, powering greenhouses. Waste
heat is similar to renewable energy because it is carbon neutral and in some federal states there is
already a heat planning requirement. Nyberg, 2022 shows in his studies that in a California data
center powered by an energy mix consisting of an average dependence of 40% on fossil fuels
across the state, the reuse of waste heat is not planned. This excess waste heat is then lost if it is
not recovered and reused. There are many examples of data centers that collaborate with
neighboring companies to transform waste heat into reusable energy. In the study by Montagud-
Montalva, (2023) on the recovery of waste heat from a data center on the university campus of the
Politecnica de Valéncia on the Mediterranean coast of Spain, it was shown that waste heat can be
used to heat buildings on the campus. Most research on waste heat reuse therefore focuses on
the building efficiency sector. In recent months, data centers have come under the spotlight for their
enormous water waste; they use huge amounts of water to keep servers cool, using different
methods (Pallardi, 2023). Additionally, data centers in the Nordic countries, including QTS, Digital
Realty, and Equinix, reuse excess heat from cooling operations to provide affordable heat to nearby
homes (Fisher, 2023). The most current topic in data center research is environmental sustainability
and social concerns, where the holistic, social, and technical aspects are assessed (Terenius et
al., 2023). Their rapid development increases energy demand and jeopardises the progress made
towards achieving climate goals (Monsalves et al., 2023). Studies focus more on the technical side
of the phenomenon (Siriwardana et al., 2013; Or6, 2015), on the evaluation of energy savings and
the search for indicators to measure the efficiency of energy use in data centers (Zhang et al.,
2022) or on the green development of data centers (Li, 2019; Li et al., 2023). In response to political
and governmental pressure on energy efficiency and carbon footprint reduction, some companies
have experimented with waste heat strategies with the aim of increasing energy efficiency in their
operations (Juhola et al., 2024). Energy conversion in data centers represents a new and crucial
aspect to achieve environmental sustainability goals in data centers (Jones & Fleischer, 2014). An
overview of the literature shows that most of the articles highlight the characteristics of data centers,
listing research gaps and future directions. There is discussion about the development of new
criteria for cloud infrastructures, which include best practices for data center sustainability, setting
the standard for transparent and more sustainable digital assets. From an economic point of view,
the study by Shuja et al. (2016) shows that waste heat generated by electronic components can
be used in absorption cooling systems to offset data center cooling costs. It remains to be presented
in the literature how waste heat can be used and reintroduced for the cultivation of agri-food
products. This aspect may be assessed in a few years, thanks to the analyses conducted on the
new case study QScale, the subject of our analysis.

3. THE METHODOLOGY

In order to facilitate the understanding of the observed elements and the consequent reflections
set out in the following paragraphs, it is necessary to present the methodology used in the research
work. The investigation framework (method) adopted assumes a two-level approach. In the first
part, a systematic review of the literature was adopted. This review paid particular attention to those
scientific contributions that have explored the environmental impact of data centers and the
valorization of waste heat in agriculture, in promoting environmental sustainability strategies based
on the new paradigm of the circular economy. The second part aimed to delve deeper into the
object of study through the analysis of the QScale data center and all the documents found through
social media, website and network. The result of the systematic analysis of the literature, however,
led to little theoretical evidence on this aspect. While recognizing the undoubted advantage of the
narrative review in providing general knowledge on the research topic analyzed, it was preferred to
adopt a systematic review of the literature, in order to carry out a review based on all the writings
published in the last 5 years, (2020, 2021, 2022, 2023, 2024 and the first months of 2025) on the
specific research questions:

- RQ1: How many studies have analyzed the “data center” dimension in the definition of
the “circular economy” model in the last 5 years?

- RQ2: How many studies have analyzed the “data center” dimension in the definition of
“circular model” and “waste heat” adding the keyword “agriculture” in the last 5 years?

- RQ8 How many studies have analyzed the “data center” dimension in the definition
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of “circular model” adding the words “waste heat” and “agriculture” in the last 5 years?

- RQ4: Which topics have been explored in depth and which ones need further
exploration? To this end, the articles were identified using the search keywords (“data
center” and “circular economy” and “waste heat” and “agriculture”) in the database of
scientific articles and publications of Web of Science because it is considered more
reliable, as it includes only peer-reviewed scientific publications and allows detailed
citation analysis and the calculation of the H-index.

The first level of investigation involved a review of articles obtained using the keywords regarding
“data center” and “circular “economy” in the last 5 years and those of very recent publication (first
months of 2025), which allowed to reconstruct the general aspects and the evolution of the
functions attributable to it. Subsequently, the topic “waste heat” was added, always searching for
the same time period; finally the topic “agriculture”. The analysis then focused on the scientific
works considered most congenial for the purposes of the areas investigated. In particular, this first
line of analysis allowed to reconstruct a theoretical framework of reference. In addition to identifying
multiple interpretations of the increasingly multifaceted role of data centers, it was considered
appropriate to narrow the field to the in-depth study of those studies that focused on the strategies
and advantages that can derive from the presence of models for the recovery of waste heat strongly
oriented to the paradigm of the circular economy. All this is analyzed and studied in a logic of shared
creation of environmental value.

The second level of research in the work was conducted through the analysis of a case study . The
study of a single case (Yin, 2017), highlights the characteristics and nature of the specific case,
providing a greater understanding of the phenomenon. A qualitative approach widely used in
business studies and which, due to its peculiarities, is necessary when one intends to delve into
the dynamics in which a specific experience develops. The case study represents a research
methodology that allows the phenomenon to be observed through the analysis of the context in
which it is placed, thus managing to provide a very high level of understanding of the observed
phenomenon and contributing to reducing the gap between theory and practice often highlighted
by the literature in the field of business studies (Chiucchi, 2014). The case study, with its inclination
to reconcile theory and context (Welch et al., 2022), therefore proves to be an effective strategy in
terms of design and data quality control. The sources used to collect the various elements define
the methodological framework used for the analysis of the case study that will be illustrated later in
the research. Table 1 illustrates the methodological framework on the information and the type of
data expected both in the first phase of the research and in the second when the case study will
be illustrated.

Type of information Data present in the cited database.
Data present on the online site of the
Data Center under study

Sources Scientific publications on waste heat
recovery in data centers that have a
circular economy model approach.
Online articles.

Public and institutional documents.
Official sites.

Social platforms.

Aspects analyzed Circular Economy Model in Data Centers
Waste heat recovery in data centers that
approach the circular economy

TABLE 1: Methodological framework. Source: own elaboration.
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4. REVIEW RESULTS

The results of the review conducted are shown in Table 2. Using the words “data center” and
“circular economy” on WoS, 168 articles were identified initially in the years 2020-2025.
Subsequently, the search was refined by inserting the topic of “waste heat” and 10 articles remained
in the last 5 years. Finally, the word “agriculture” was inserted, which resulted in only one result. In
total, only one article was analyzed because it is the only one that arises from the search when the
element “agriculture” is introduced, and therefore contains the four key topics to carry out a
literature review relating to the field of investigation.

Review decision flow

Selected Science Direct papers on “data center”and “circular economy’. 168
Selected Science Direct papers on “data center”and “circular economy”and “waste 10
heat”.

Selected Science Direct papers on “data center”and “circular economy” and “waste 1

heat” and “agriculture”.

TABLE 2: Decision flow. Source: own elaboration.

The analysis of the articles evaluated in the last 5 years, has produced the following result: there
is little attention to the dimension of waste heat recovery in data centers, oriented to a circular
approach, when the word agriculture is added. The literature regarding waste heat management
technology and its secondary market opportunities, are oriented towards other aspects and above
all, on the reuse of heat in waste-to-energy plants (Leary et al., 2025). In the articles that investigate
the binomial data center and circular economy there is greater attention; when the topic “waste
heat” is added the number of articles decreases because it becomes 10, until it becomes 1 when
the term “agriculture" is added. Below are the answers to the research questions:

- RQ1: How many studies have analyzed the “data center” dimension in the definition of
the “circular economy” model in the last 5 years ?

AQ1: The studies that have analyzed the “data center” dimension in the definition of “circular
economy” model in the last 5 years are 168. Most of them offer an analysis relating to waste heat
recovery and reuse in the district heating sector. Some articles are discarded because they deal
with other topics, similar at first, but different in content; for example, the article by Manso et al.,
(2025) is discarded because it deals with issues relating to the Mass Spectrometry Data Center
(MSDC) for the creation of CE models that are not the subject of the paper. Another article that is
discarded is that of Frost et al., (2021) because even if it appears in the research, it is not relevant
for the purposes of our investigation as it investigates the environmental impacts of a circular
recovery process for rare earth magnets of hard drives. Articles that actually address the issues
related to RQ1 are evaluated (Paiho et al., 2021; Leary et al., 2025; Wang et al., 2025). The field
of investigation is then narrowed by inserting the keyword “waste heat”, which allows us to
answer the second search question.

- RQ2: How many studies have analyzed the “data center” dimension in the definition of
“circular model” adding the words “waste heat” in the last 5 years?
AQ2: The results obtained from the analysis of the articles confirm that together with the study of
the “waste heat” dimension the number of articles decreases a lot. Specifically Wang et al.,( 2025)
in their article state that the recovery of waste heat from data centers offers a promising path
towards a circular economy. The authors realize a circular economy by coupling a data center and
a renewable energy system, directly using the waste heat of the data center but applying it to a
biomass system. In the study by Leary et al., (2025), the authors highlight a truth that in the paper
following the review appears clear: in the engineering and energy literature, topics such as the use
of waste heat from processes such as data centers and the production of energy from raw materials
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for CO2 emissions artificial photosynthesis, are strongly increasing; they are little discussed in the
economic one. From their research an important aspect emerges: considering the recovery of
waste heat from DCs as a real market of secondary waste, which, through a policy of promotion of
residues, allows to transform such waste through artificial photosynthesis, and obtain many social
and environmental advantages and reduction of marginal costs on waste disposal.

- RQ8 How many studies have analyzed the “data center” dimension in the definition of

“circular model” and “waste heat” adding the keyword “agriculture” in the last 5 years?
AQS: Agriculture as a possible practice and innovative approach, becomes a new method involved
in the development and operation of data centers that produce waste heat. Unfortunately, the only
article found on Wos by Paiho et al, (2021) analyzes the implementation of circular business models
from a holistic perspective within smart cities, evaluating how an urban district can aim for circularity
with solutions in the fields of transport, energy and food. In the paper, there is minimal mention of
waste heat recovery on possible data center structures, and also of urban or hydroponic agriculture
thanks to waste heat recovery.

- RQ4: Which topics have been explored in depth and which ones need further
exploration?

AQ4: the most in-depth aspects concern the reuse of waste heat from DC in district heating as an
element closely linked to the circular economy because it allows the use of renewable or recovered
heat sources, reducing energy waste and emissions. Instead, this new approach should be
explored and analyzed: reuse in the food or agricultural sector, together with the possibility of
reducing the costs for their construction and management. Another issue not addressed is the
adequate consideration of the related environmental costs (Rangone, 2025). Furthermore, of the
articles analyzed, only one is relevant in the field of economic studies, while most concern the
engineering sphere.

5. DATA CENTERS AND WASTE HEAT REUSE: AN OVERVIEW OF THE
PROBLEM

A data center is typically a warehouse-like building that houses hundreds of servers that store,
process, and transmit large amounts of data. It plays the role of a technological enabler for the
digitalization of companies. During their operation, a lot of heat is produced, which, at the end of
the process, is used to heat the buildings adjacent to the data center or is dispersed. Unfortunately,
the dispersion of the excess heat produced is an emerging problem especially for issues related to
environmental impacts, therefore the reduction of carbon emissions (Hao et al., 2025). The growing
interest in artificial intelligence will bring more powerful servers to many data center environments,
which will release a lot of excess heat. This, instead of being dispersed, can be used, reused, and
recycled for different purposes, including agriculture, as described in the QScale project that will be
analyzed. Data centers around the world can vary in size; some are relatively large and consist of
thousands of servers running 24 hours a day. Their management requires high costs that could be
reduced by recovering and reusing waste heat. Such facilities typically consume enormous
amounts of electricity, producing a lot of heat. As shown in Figure 1, the United States is home to
the largest number of data centers.

Polandm 143
= 151
Brazil = 163
m 166
ltaly w168
 mm 218
Russia = 255
299
= Australia = 306
= 31
- 4
Canada mmmmm 33

Village

5375

0 1000 2000 3000 4000 ANN
Number of data

FIGURE 1: Number of Data Centers in the world as of 2023. Source: own elaboration.
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As of September 2023, the United States reported 5,375 data centers, the highest number in the
world, according to data collected by Statista (a global data and business intelligence platform).
Another 522 were located in Germany, while 517 were in the United Kingdom. Other countries such
as China and Canada follow, ranking well in terms of the number of facilities. Further down the list
are countries such as Brazil, India, and Poland. Many companies operating in the data center
industry could help shape this developing sector, from the increasing adoption of the cloud, to the
rise of artificial intelligence (Al) and the Internet of Things (loT), to changing security and
sustainability needs. In particular, emerging trends for data center companies can be summarized
as: in Table 3.

Trend Data Center What is it for?
Reuse of waste heat. - Improving energy efficiency;
- reduction of district heating costs;
- reduction of environmental costs.

Investing in sustainable - Creating value in local communities.
development.
Develop new cooling techniques. - Improved PUE energy utilization effectiveness.

TABLE 3: Data center trends and benefits. Source: own elaboration.

Given that waste heat is seen as a source of revenue by DC companies, there are numerous
examples of data centers partnering with companies in the surrounding areas to turn waste heat
into usable energy. Unfortunately, only a handful of companies are responsible for the majority of
global data center energy use. Consider corporate giants like Amazon, Microsoft, Google, Alibaba,
Facebook, and Apple, who power their facilities with renewable energy to reduce their carbon
footprint.

Other companies, however, believe in the model of reusing waste heat in the context of the circular
economy. Some examples are IBM, based in Switzerland, which uses waste heat from data centers
to heat a local swimming pool; Yandex and Academica data centers in Finland share waste heat
with local residents, who use it, reducing the use of energy from non-renewable sources and
reducing CO2 emissions. Today, the topic of the “green” data center, designed for minimal
environmental impact, is inevitably growing in interest and centrality and many companies in the
sector are interested in it. Currently, numerous definitions of “data centers” have emerged. Data
centers are large-scale mission-critical IT infrastructures that operate 24 hours a day (Tareq et al,
2023), without data centers, it would be the end of digital. Its origins date back to around the 1940s,
when the first computer systems such as the Electronic Numerical Integrator and Computer
(ENIAC) began to emerge. Until recently, this system was simply called CED, Data Processing
Center. Interest in these IT tools is starting to mature, so much so that companies and other
organizations are rapidly using them to organize, process, store and distribute large amounts of
data, relying significantly on the applications, services and data contained in a data center, making
it a focal point and a critical resource for daily operations. The data center represents the beating
heart of the digital economy and digital transformation: there is no type of company today that does
not use a data center to manage its assets and resources. Without data centers there would be no
videoconferencing, e-commerce, apps, streaming or even home banking. Since data centers have
positive and negative externalities, it is necessary to recover and reuse waste heat:

- Among the positive aspects of data centers is the possibility of automating various
business processes and flows, focusing precious time and resources on more important
and core activities for the company’s business, with a significant reduction in workload.

- Data centers also have downsides, concomitant disadvantages, and unintended or
harmful consequences: they can consume too much energy or generate too many
carbon emissions. Although they are not the most energy-hungry of all the players in the
digital ecosystem, it is true that their operation requires significant energy consumption,
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which is not neutral for the environment. Fortunately, there are solutions to reduce their
environmental impact.

In line with the concepts of circular economy, much of this energy can be reused (Terenius et al.,
2023). Reuse can occur in different ways: heating buildings, dehydrating raw materials, producing
electricity and storing energy. Although much of the literature discusses these different alternative
methods of reuse, unfortunately very few analyze the scenario of reuse in agriculture. The research
fits into this almost unexplored gap in the literature, discussing the recovery of waste heat in the
agricultural field by exploiting the fundamental principle of the circular economy. The basis of the
circular economy is the sustainable exploitation of resources. Extract, produce, consume and
reproduce: this is the new economic model to aim for: a circular economy that imitates natural
cycles by transforming waste, in which products are designed to be reused, regenerated and
recycled creating new value. It focuses on reducing environmental impact, containing greenhouse
gas emissions, circularity of processes and reducing the exploitation of resources, characteristics
such as connectivity, control and improvement of performance. Through these three pillars we get
the keys to open the doors to innovation and sustainability. With waste heat recovery, it will be
possible to improve the environmental sustainability of data centers. It will create a truly sustainable
and competitive digital ecosystem. As both a vital driver of economic growth and a source of
environmental damage, we must ensure that large data centers are operated sustainably (Zhang
& Yang, 2021) by providing waste heat recovery.

5.1 Reuse of waste heat in agriculture: proposed application of the QScale model

Based on what has been said above, an alternative solution for waste heat recovery could be its
application in the agricultural sector, by powering greenhouses. Agriculture, the primary sector par
excellence, is now facing new challenges, ranging from climate change to the scarcity of natural
resources. The concept of agriculture as something traditional must be rethought in a modern way;
agriculture has always been synonymous with innovation, because new transformations are
introduced every year. To overcome these difficulties, it is necessary to adopt innovative solutions
that make it more efficient and sustainable. Digital technologies are in fact changing food production
models. It is not just a matter of facilitating the harvesting of agricultural products with machines
equipped with intelligent software. In addition to the components that will make cultivation
techniques increasingly precise, there are other directions in which research is moving. In
particular, in this context, the QScale project presents itself as a cutting-edge solution for the
agriculture of the future, because it combines artificial intelligence, innovation, circular economy,
high-capacity IT servers, clean energy, greenhouse production and food autonomy
(agritecture.com). Today, based on the QScale model, data centers will represent a great resource
for the agricultural sector in the coming years. Companies are combining data centers with
greenhouses, capturing the heat emitted by the computing hardware and reusing it to grow indoors.
Agriculture, often considered the future of food production, is also energy-intensive, so the heat
resulting from waste produced by data centers finds the right application if used to provide energy
to agricultural crops. Agriculture therefore becomes one of the large sectors that can be managed
through the heat of data centers. The agricultural sector is in the ideal position to exploit digital
technologies and at the same time contribute to the production of renewable energy without
producing emissions. QScale is in fact the only model in the world that recovers waste heat to
contribute to agricultural production. The unique partnership between data centers and
greenhouses signals a potential change in the future of agriculture. Data centers will be considered
from a new perspective. In fact, data center technology combined with agriculture can reduce costs
and simplify processes. The business model of the company QScale, based on environmental
sustainability in line with the objectives of the Agenda 2030, allows a series of economic and
environmental benefits when applied to the agricultural sector. This connotation makes the model
developed by the company take on the conceptual nature of a DCsS or a behavior model in
organizations specialized in adapting to sustainability demands (Ortiz-Avram et al., 2023), which
helps the environment by introducing green innovation in production processes (Wong, 2013). The
QScale model is a model of sustainable, multi-stakeholder behavior in which outcomes (e.g., green
innovation) or relational structures (e.g., multi-stakeholder collaboration) suggest that all are
components of the DCsS (Ortiz-Avram et al., 2023).
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A data center is defined as sustainable when it is designed to efficiently drive energy trends,
reducing and optimizing consumption in a green and energy-saving perspective, allowing for the
recovery of waste heat in a circular economy perspective. Since data centers produce enormous
amounts of heat, in the cold climate of Quebec, greenhouses could use a little more waste heat,
which can be reused to help grow food throughout the year in the most efficient way possible. If
you consider not only the management of the energy flow, but also all the ecosystems that coexist
in a facility, you speak of a sustainable data center.

Based on the circular economy model, the practical benefits that can be derived from the recovery
of waste heat from the DC QScale and its reuse in agriculture are multiple; these are social,
environmental and economic benefits. The recovery of waste heat would in fact allow data center
companies to increase their energy efficiency, thus reducing the environmental and climate-altering
impact and improving competitiveness and energy security for the entire community in which the
company is located. Table 4 summarizes some of them:

Environmental benefits Social benefits Economic benefits
e Recovery of waste heat e Food self-sufficiency of e Reduction of energy
that is transformed from the province where the supply costs.
waste into use. data center is located. e  Energy saving
e  State-of-the-art facilities e Artificial intelligence that e Energy efficiency in
powered by renewable automates  physically systems
energy. demanding jobs.

TABLE 4: QScale Benefits for Data Centers. Source: Own
elaboration.

Benefits include reducing procurement costs; recovering waste heat from waste into a new
resource; increasing food self-sufficiency in the province where the data center is located (with a
potential 400 hectares of greenhouses for the first of several campuses in use alone); operating
large-scale, state-of-the-art facilities powered by clean energy; using artificial intelligence to
automate physically demanding work; and specializing in Al innovation.

Sustainability is at the heart of QScale’s mission, which therefore aims to recycle part of the heat
coming from data centers, to represent a great victory for the environment and for the company
that carries out this project. Sustainability, circular economy, closed carbon cycle (Cogswell, 2023),
are three principles present in the QScale project for data centers, which includes among its
objectives the recovery of waste heat produced and its reuse in agriculture. Not only the efficiency
of buildings through the recovery of waste heat, but also the supply of energy to agricultural
greenhouses. QScale’s approach combines renewable energy and heat recovery, to meet the
growing need for technological infrastructures, while minimizing the environmental impact
(opencompute). In the next paragraph the article describes the QScale data center project, as a
model that contributes to reducing environmental impact and climate change by considering the
reuse of waste heat in a different way, or applying it to the feeding of agricultural crops, with the
aim of achieving sustainability goals.

6. “QSCALE” PROJECT: TECHNICAL ASPECTS

QScale is a Canadian-based data center provider that launched in 2021 with the start of
construction of its QO1 campus. Construction of the second building began in September 2022
(datacenterdynamics.com). The data center has been operational since 2024 and is spread across
a colocation facility located in Canada, in the Québec City area. Its frameworks are designed for
high-density compute, artificial intelligence, and machine learning workloads. Its business model is
focused on sustainability and energy efficiency. The facility is powered by 142 MW of nearly 100%
renewable energy and includes a waste heat recovery system (QScale.com). The facility, as a
state-of-the-art, large-scale hosting facility powered by clean energy, produces heat that is then
reused. It seems to be perfectly in line with the circular economy model. Reusing waste heat from
its facilities makes data centers sustainable. Specifically, QScale is building a 130-acre data center
campus in Lévis, Quebec, where it will use heat from the servers to grow over 80,000 tons of
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produce per year (corporateknights.com); the heat released by QScale’s servers will be recovered
to heat adjacent agricultural greenhouses. As part of the QScale project, a heat exchange
relationship is being created between the data center and the greenhouses. In practice, the heat
emitted by the IT hardware is captured and then reused for indoor or indoor farming. Indoor farming
is envisioned as an alternative method for the future of food production, as it is very energy-
intensive. Being able to recycle some of the heat from data centers could be a major boon for both
data centers and the agricultural industry.

The company, founded in 2018, specializes in the design, construction, management and operation
of high-density data centers with a focus on sustainability (corporateknights). The Lévis campus of
the QScale project will be powered by 99.5% renewable sources (thanks to Quebec’s large-scale
hydroelectric network). The waste heat recovery methods will make energy use more circular,
moving ever closer to a business model closely linked to the new paradigm of the circular economy.
The company will also be able to grow agricultural products in greenhouses. The QScale project
aims to develop technologies that allow the production of a fair amount of vegetables, with an
estimated possibility of producing 2,800 tons of small fruits and 80,000 tons of tomatoes per year;
starting from the recovery of waste heat from the data center, the importance of artificial
intelligence, energy efficiency and sustainability is highlighted in pursuing the objectives of the new
paradigm of the circular economy, which allows waste to be transformed into a resource to be
reused in the production cycle. The tools used by QScale, as part of the ongoing experimentation
at the “Q01” campus, will allow not only to recover and reuse next-generation thermal energy for
various initiatives, including greenhouses, but also to use high-quality and energy-efficient
infrastructures for HPC, minimizing costs and waste. This is a sustainable model that can be
replicated in other types of data centers that until now have recovered and used waste heat only
for efficiency and heating of adjacent buildings. As illustrated in Figure 2, QScale facilities recover
and use waste heat from high-performance servers by storing it in liquid-filled tubes.

Raraeabin
b )

FIGURE 2: Recovery of waste heat from a Qscale Campus. Source: opencompute.org.

The heated liquid then passes through a heat exchanger, which will help move energy from the
plants to the greenhouses. QScale systems are powered almost 100% by clean and renewable
energy; a large part is powered by hydroelectric energy (opencompute.org). The QScale data
center therefore represents a prototype on which to test a new model. Subsequently, the project
team, in all its components, will be able to present itself as a reality capable of developing
customized proposals based on the possible requests of diversified users. QScale is an innovative
project also because it intends to integrate renewable energy, waste heat recovery and agricultural
cultivation, considering flexibility, connectivity and control in a logic of open innovation and
incremental approach (implementing parts of technologies and parts of solutions at any time) and
above all with zero environmental impact. This is a significant innovation, because it is based on
the low-cost application of the principles of the circular economy to the technological and
agricultural sectors, which allows the achievement of social, environmental and production
objectives: a technological solution “appropriate” to the international context of data centers,
characterized by the necessary meeting between a modern and a traditional sector; the innovation
and digital nature of data centers merge with the tradition of the agricultural sector. In Canada,
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specifically in Quebec, HPE (Hewlett Packard Enterprise) is the main tenant of the QScale QO1
campus. In the mission of the QScale project, this agreement demonstrates the desire to create
cutting-edge and large-scale hosting facilities powered by clean energy, therefore oriented towards
environmental sustainability; production on the campus is in fact based on the use of “almost” 100%
renewable energy. The Q01 campus combines HPC hosting and office space, with plans for 8 data
centers and up to 96 megawatts of capacity. (www.datacenterfrontier).

The QScale project essentially translates into three main steps:

o it will be operated with 99.5% renewable energy sources (thanks to Quebec’s powerful
hydroelectric network);

e amore circular use of energy thanks to the waste heat recovery system;

e Growing a fair amount of vegetables in the adjacent greenhouses.

These are the essential objectives of the project: to promote innovative green design capabilities
that will enable QScale The Lévis facility will not only provide a substantial digital infrastructure, but
will also promote the government’s agricultural and sustainability objectives. A continuous link is
therefore established between the principles of the circular economy and the creation of added
value through waste heat recovery. This translates into the possibility of enhancing and sustainably
growing Québec to become one of the world’s leading markets for data centers characterized by a
green vision. With regard to the theme of environmental sustainability, the QScale model enhances
the economic dimension especially in reference to effective corporate management based on
compliance with the highest CSR standards. In the social dimension, great importance is given to
the health and safety of employees and their professional and personal growth, while the
development of climate strategies and eco-efficient operational management are among the
aspects that contribute most to the environmental dimension. In this direction, the use of the QScale
design model could provide a valid example for the various data centers present in Canada and
beyond, in identifying the best path to achieve excellent levels of environmental sustainability.

7. CONCLUSION AND DISCUSSION

The study presented, through the analysis of the QScale case, provides suggestions to data center
companies that must be very careful about the environment. It suggests that companies in the
sector critically analyze their processes, in order to identify potential waste heat flows and gather
ideas regarding possible heat recovery interventions. Large companies today build data centers to
enable significant transactions and data management. These are companies that span many
sectors: healthcare, transportation, etc. Equipping oneself with a data center means investing,
incurring many costs. Until now, the excess heat provided by data centers had been reused for
district heating services (Tervo et al., 2025). Since data centers produce a lot of energy and waste
heat, one could (as happens in the case study analyzed) think of exploiting this excess heat to
provide support for the cultivation of agricultural and food products. In this way, waste becomes a
new resource, helping to reduce environmental impacts, and at the same time excess heat is used
to diversify investments in agri- food crops, to make a profit. In the QScale project, therefore,
attention and interest in the topic of heat recovery to be reused for the cultivation of agricultural
products in greenhouses emerges. Waste heat is no longer waste, but is transformed into a new
resource, and based on the circular model it is rethought as an element that provides new utility.
New value is created from something that had been considered waste. Waste heat is considered
by companies to be a source of income for data centers, in fact, excess heat is used to power the
greenhouses that are part of the QScale campus.

Data centers are now fundamental infrastructures for the territory, with significant impacts for the
entire digital supply chain and for citizens. A data center in the territory represents a technological
enabler for the provision of services and solutions to support the digitalization of companies in the
country. In recent years, the market has registered a growing interest, with a consequent significant
increase in investments and the opening of new infrastructures around the world. Unfortunately,
most data centers have not provided methods for waste heat recovery. In recent times, companies
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are evaluating the idea of reusing waste heat also for heating swimming pool water, for fish farms,
for the production of insects for industrial purposes (Siddiqui et al., 2024) or to produce wood
pellets. This idea is supported by the fact that waste heat recovery is among the various frontier
experiments in the field of industrial process efficiency. A challenging path that, also through greater
awareness of stakeholders, could become a determining factor for achieving energy recovery and
reconversion objectives, as well as an opportunity for our country, from an economic and
environmental point of view. In this study, the general objective was to provide support tools to data
center companies to achieve a greater diffusion of heat recovery projects for uses other than those
related to heating buildings, filling the gap that currently does not allow to make the most of this
significant reserve of sustainable energy and therefore effectively contribute to the European
objectives of energy security, sustainability and decarbonization . The only data center that has
been designed for the recovery of waste heat and its reuse in areas other than heating buildings is
QScale. The QScale data center model provides for the recovery and reuse of waste heat for the
cultivation of agricultural products in greenhouses powered by excess heat. Therefore, according
to this approach, heat is no longer considered a waste, but a resource. In the context of the circular
economy paradigm, heat therefore participates in this cycle in which, once produced, it is reused,
creating new value. The QScale data center heat recovery system has been operational at the
Lévis campus since early 2024. Unfortunately, it will take time to quantify the economic benefits
due to the lack of data related to the short time in use of the data center . The industrial symbiosis
between the QScale data center and the adjacent agricultural greenhouses offers the potential to
provide year-round growing conditions for food production in the context of server technology, as
well as mitigating the environmental impact. The company says that part of its mission is to set an
example for the industry so that other companies follow its example. The project is ambitious and
forward-looking, and therefore aims to create a truly intelligent system, a combination of different
technological components, at the service of the user and their needs. Server technologies can also
contribute substantially to the process of making workspaces more efficient, with consequent
benefits in terms of environmental protection. When building a new data center or renovating an
old one, it is advisable to use locally sourced materials with low embodied carbon content, such as
limestone instead of concrete. It is also important to calculate greenhouse gas emissions, monitor
progress towards climate goals, and address carbon capture and sequestration. It would be good
practice to understand how resources are used in each data center and what impact they have on
the environment. Unfortunately, as Rangoni (2025) says in his recent study, “the enthusiasm for Al
applications that have enabled, among other things, very important advances in environmental
protection has not traditionally been accompanied by adequate consideration of the related
environmental costs”.

By the end of this article, we have realized that data centers have an unexplored potential to offer
enormous energy benefits. However, the challenges are: where to start, what are the next steps
and how to accelerate towards the approaches of the new circular economy paradigm. Current
political strategies, especially European ones, are pushing the productive fabric towards the
implementation of circular economy models. These models reduce, to the point of eliminating them,
the environmental impact, creating added value, eliminating waste and scraps as much as possible
(Aura, 2021). The Circular Economy Action Plan, which is part of the European Green Deal,
transmitted by the European Commission on 11 March 2020, contains a series of initiatives whose
overall objective is to achieve climate neutrality in Europe by 2050. Trying to reduce the
environmental impact of “massive” infrastructures such as data centers can make a difference
today. The productive fabric of the future is therefore part of an intelligent and sustainable
ecosystem, in which the implementation of data centers becomes fundamental, such as QScale,
which anticipate in their business models an enabling technology that is revolutionizing the new
industrial model, because it will have to be oriented towards the paradigm of the circular economy
while respecting the environment. By developing projects such as QScale, through the use of new
ecological technologies for heating, or for the production of food through the recovery of waste
heat, attention to sustainability is promoted and enhanced. Data centers such as QScale that use
a circular approach thanks to the recovery of waste heat can be considered the new tool for the
green and digital transition of the technological industry, so desired by Europe and the rest of the
world.
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