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ABSTRACT KEYWORDS
Controlled-environment horticulture is one of several automation automation; digitalization;
technologies emerging as possible ways of guaranteeing the  controlled environments;
future of food production. However, studies on the implications greenhouses; horticulture
of horticulture’s infrastructuralization for urbanization remain

limited in literature. This article presents an exploratory study that

examines the Dutch agro-industrial cluster of Westland. We draw

on semi-structured interviews to understand emerging networks

and socio-technical systems and identify spatial and environmental

outcomes of automation. Analysis around the themes of

technology, land, energy, and labor revealed spatial tensions,

limitations of technologies, capital concentration, and accelerating

technological diffusion. We conclude that automation technologies

affect scalability, increase the need for space, and call greenhouse’s

sustainability claims into question given the distinct disparities

between an enclosed artificial and technologically intensive inside

and a natural outside.

Introduction

With rising social and ecological uncertainties, automation technologies in controlled
environment agriculture (CEA) are increasingly seen as an imperative by corporate
and public actors to meet future food requirements, increase food safety, reduce pressure
on the ecosystem, and maximize return on investment (Broad, 2020; Maffezzoli et al.,
2022; Sott et al., 2020). These socio-technical systems promise optimal performance,
precise climate control, and improved decision-making, offering to protect against the
turmoil of anthropogenic climate crisis, diminishing areas of arable land and fluctuations
in the labor market (Giacomelli et al., 2008; Pekkeriet and van Henten, 2011). Given these
advantages, automation is increasingly embraced in CEA not only to overcome
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unpredictable climate variations but also to secure capital’s reproduction (Lockhart and
Marvin, 2020; Marvin et al., 2024). However, general attempts to systematically analyze
the spatial and socio-environmental implications of automation technologies in con-
trolled environments remain limited in urban studies literature, with few notable excep-
tions (Marvin and Rutherford, 2018; Mufioz Sanz et al., 2018; Lockhart and Marvin,
2020; Marvin et al., 2024; Rutherford and Marvin 2024).

This article investigates the horticultural cluster of Westland, the largest in the Nether-
lands and a historic testing ground of innovations. It depicts automation technologies
currently in use in greenhouses and examines their relation to spatial and socio-ecologi-
cal questions beyond the confines of horticulture production premises. The Netherlands
has been at the forefront of adopting and globally supplying automation technologies for
CEA. Correspondingly, Dutch CEA has been widely appraised, presented, and promoted
in mainstream media as the mirror of how the future of food production could look like
(Viviano, 2017; AMO and Koolhaas, 2020). To achieve high production levels and main-
tain their competitive advantage, greenhouses in the Netherlands sought for decades to
specialize their production and expand their scale of operations. In parallel, these horti-
cultural firms shifted to consumer driven production, implemented lean management
practices, and employed labor-saving technologies to facilitate high quality production
(Montero et al., 2011; Pekkeriet et al. 2015).

The study stems from an understanding of interdependencies between commodity
flows, labor markets, resource extraction, power relations, urbanization processes, and
automation technologies as what Moore (2015: 10) calls “products and producers of
spatial configurations” conducive for capital accumulation. We examined several lines
of enquiry, namely: (1) the range and variety of digital agriculture technologies
adopted and their effects on greenhouse practices; (2) the reciprocal correlation
between greenhouse scale and the uptake of digital technologies; (3) the primary benefi-
ciaries of this adoption and its impacts on capital concentration; (4) the implications of
adoption on labor, including processes of de- or reskilling within CEAs; and (5) the
extent to which these technological shifts promote sustainable development, considering
the broader social and environmental implications that extend beyond the enclosed
artificial inside to influence local and global flows of production and distribution.

We traced material processes in Westland’s greenhouses, with a focus on technology,
land, energy, and labor to understand how they support horticulture firms and influence
emerging networks and relations in space. Such flows of capital and material nature
reinforce interdependencies between Westland’s operational productive enclosures,
which can be understood as spatial-temporal fixes (Marvin et al., 2024), infrastructures,
and institutions and reveal networked forms of accumulation. To study those flows and
the spatial products involved, we employed a mixed methods approach and consulted
secondary sources to identify greenhouses that embraced automation technologies. In
addition, we conducted 13 semi-structured interviews and fieldwork between November
2017 and November 2019. Insights at the interface of urban studies and horticulture were
derived to systematically analyze how the adoption of automated technologies, which are
typically concealed within private enclosures, reconfigure spatial logics.

The article is structured as follows. First, we position the trend towards digitalization
and automation of indoor horticulture within existing theoretical debates on the infra-
structuralization of controlled environments and digitalization of agriculture in the
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fields of geography and urban studies. After introducing the horticultural cluster of
Westland, we describe the methodology used to study the area’s horticulture firms.
We expand on the findings by focusing on the themes of technology, land, energy,
and labor to depict the assemblages of humans and machines and emphasize how West-
land is shaped by profit-driven imperatives that are intended to guarantee the continuous
accumulation of capital. These sections shed light on accumulation strategies, socio-eco-
logical contradictions as well as “spatial dispositions” (Easterling, 2014) and logics that
seem to contribute to the restructuring of urban space in Westland.

Analysis of the empirical material revealed how capital and its associated metaboliza-
tions are etched in Westland’s infrastructure and accelerate technological diffusion.
The mosaic of greenhouses, spatial infrastructures, technological components, and
socio-ecological processes testify to capitalism’s ecological dimension and the spatial
restructuring of Westland and question the social and environmental sustainability of
the model. The article poses the argument that investments to improve or establish infra-
structures, greenhouses, and automation technologies are posited as what Ekers and
Prudham (2017) called “socio-ecological fixes,” that respond to accumulation exigencies
and accelerate the circulation of capital. This research concludes that there is a decou-
pling between such developments which support Westland’s competitive advantage
and transnational outreach, and the purported local societal and environmental
benefits of automation technologies.

On Digitally Controlled Environments in Agriculture

With intentions to shift from precision to decision systems, the digitalization of agricul-
ture is transforming greenhouses into autonomous cyber-physical systems (Weltzien,
2016; Shepherd et al., 2018). Emerging digital technologies—from sensors and networked
autonomous vehicles to robotics and cloud-computing systems—are increasingly inte-
grated in agriculture. These capital-intensive systems generate massive amounts of
data to drive management decisions and promise a high return on investment thereby
drawing interest from firms, policymakers, and investors (Rotz et al., 2019). The adoption
of automation technologies and the transition to digital agriculture are driven by various
challenges, namely: (1) changing demographics, particularly the increasing global popu-
lation and the rising demand for food, coupled with an aging population in advanced
economies, which threatens productivity; (2) increasing resource scarcity, such as
water; and (3) climate change variations that impact agriculture (Maffezzolli et al.,
2022). In parallel, the adoption of digital technologies promises diverse benefits such
as reducing resource input; enhancing process efficiency; reducing costs; optimizing pro-
ductivity, production systems and value chains; improving product quality and food
systems (i.e., ameliorating the safety and traceability of food) (Broad, 2020); attracting
youth to the agriculture sector; and improving knowledge exchange (Chuang et al.,
2020; Dawkins 2016). While the digitalization of agriculture firms is expected to generate
higher yields with a better quality at lower expenses, various scholars have highlighted
digital technologies’ role in reducing employment and questioned their social impli-
cations (Shamshiri et al., 2018; Walter et al., 2017).

Different terms and concepts such as “precision agriculture,” “smart farming,” and
“Agriculture 4.0” have recently proliferated in the literature and typically refer to
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different forms of digitalization of agriculture (Pauschinger et al., 2022; Rotz et al., 2019).
The technological field is dominated by two types of platforms, as classified by Srnicek
(2016): cloud platforms, involving subscription services of diverse software applications
and data storage; and industrial platforms, providing the hardware enabling the trans-
formation of conventional production processes. Generally, a range of digital technol-
ogies and cloud systems are employed such as the Internet of Things (IoT), big data,
augmented reality, artificial intelligence, and machine learning and integrated in hard-
ware systems (Maffezzoli et al., 2022; Shamshiri et al., 2018). Different forms of digital
and hardware technologies are bundled, introduced or integrated into agriculture
firms as a suite or combination of data-intensive automated smart systems. Given the sig-
nificant investments required to deploy expensive decision support systems, interoper-
ability is a growing concern among users. With the ongoing corporate monopolization
as well as data ownership and siloing tendencies, there are increasing practices to restrict
agricultural firms to a specific service provider or brand by programming systems to not
accept data from different sources (Rotz et al., 2019).

While the digitalization of agriculture has been widely reported across environmental
science and agriculture engineering (Klerkx et al., 2019; McCartney and Lesfrud, 2018;
Shamshiri et al., 2018), technologically intensive processes and ongoing automation of
indoor horticulture, as instruments of capital’s reproduction, is gaining prominence in
urban studies literature (Lockhart et al., 2023; Lockhart and Marvin, 2020; Marvin
et al., 2024; Rutherford and Marvin 2024).

As defined by Marvin and Rutherford (2018: 1143) controlled environments are
“enclosed and engineered socio-technical spaces that create specialized ‘microclimate-
s’ [emphasis] that are specifically designed to provide the precise conditions for food pro-
duction.” These enclosures provide optimal microclimates where production drivers,
including temperature, lighting, humidity, and nutrients are precisely regulated to
achieve an entirely controlled growth environment.

Given the increasing urbanization and climatic turbulences, controlled environment
horticulture promises increased food security and sustainable food production and is
thus celebrated as the future of farming by cities, agritech firms, and corporate actors
(Despommier 2011; Geilfus 2019). Indeed, self-proclaimed high-tech greenhouses are
presented as innovative, reliable, and ideal technological visions that surpass climatic
and contextual limitations bringing about transformative shifts in food production.
These “technically mediated enclosures” (Marvin et al., 2024) offer to reduce CO, emis-
sions, energy, water requirements, and pesticides, all while optimizing yield efficiency
and increasing food security. CEA has become a global phenomenon, expanding
rapidly—particularly in China—to ensure year-round production, support agricultural
intensification and improve food systems, yet its environmental and socioeconomic
implications remain underexplored (Dsouza et al., 2023; Tong et al., 2024).

Considering the increasing uptake of digital and automation systems, Giacomelli et al.
(2008: 13) posited that CEA “should be considered as a technology platform.” In a similar
vein, Marvin and Rutherford (2018) noted that microclimatic enclosures appertain to
selective actors and spaces and are less engaged with global sustainability or the collective
good. Framed by narratives of infrastructuralization and standardization, the authors
emphasized the significance of the context (and its specificities) in which these enclosures
emerge. They discussed a novel condition where the inside, underpinned by automation
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technologies, becomes an optimal, artificial and scalable reconstruction of a distant
outside ecosystem. While the inside sustains the production of optimized microclimates
and enclaves, the direct outside is left subject to anthropogenic climate change. Rather
than focusing on the schism between a reconstructed inside (in-situ) and a natural
outside (ex-situ), Rutherford and Marvin (2024) called for examining the role of technol-
ogy and infrastructure in sustaining, enabling and optimizing environments that surpass
local constraints, disconnecting them from the hostile outside. Through geo-historical
analysis, the authors sought to broaden relational geographies of circulation by focusing
on climate control and revealed how these socio-technical processes reshape spatial con-
ditions, practices, and capacities to support “more-than-human” environments.

While decision-makers and experts claim that technologies will improve economic
performance and sustainability by enhancing input precision and overall greenhouse
management, evidence regarding technologies’ contribution to environmental sustain-
ability remains lacking (Broad 2020; Goodman and Minner 2019; Knierim et al,
2019). A handful of studies have conducted life-cycle assessment (LCA) in heated
(high-tech) and unheated greenhouse systems, as well as open-field production processes
to understand the environmental implications of agriculture products, with some com-
paring energy, pesticide, and water consumption across different geographic contexts
(Muioz et al. 2008; van der Velden and Jansen, 2004). The carbon footprint assessment
of butterhead lettuce cultivation in the Netherlands revealed that vertical farming’s
carbon footprint (8.177 kgCO2-eq kg'') was 16.7 times greater than open field (0.490
kgCO2-eq kg'), 6.8 times greater than soil-based greenhouse horticulture (1.211
kgCO2-eq kg'') and 5.6 times greater than hydroponic greenhouse horticulture (1.451
kgCO2-eq kg'') per kg of fresh weight produced (Blom et al., 2022). In a review of 36
LCA studies on the production of fresh tomatoes in greenhouses, Pineda et al. (2021)
highlighted that in Northern Europe, where Venlo-type greenhouses made of glass
and steel are common, energy demand varies, ranging from 600 to 2,500 MJ/m?, with
the majority of energy consumed for heating, ventilation, and irrigation, particularly
during winter. In contrast, unheated greenhouses in the Mediterranean or warmer
regions, which typically use plastic coverings, exhibit significantly lower energy require-
ments, ranging from 0.6 to 3.6 MJ/m’. A comparison using data from the Ecoinvent 3.10
LCA database on tomato production for fresh consumption indicates that the Nether-
lands is the leading producer and exporter of tomatoes in heated greenhouses, with a
yield of 483 t/ha and a global export share of 13.3 percent. The Netherlands also con-
sumes 1014 m’/ha of water for irrigation. Spain, ranking third in global exports with a
10.4 percent share, produces 165 t/ha of fresh tomatoes but has a larger water footprint
compared to the Netherlands, using 4,748 m*/ha for irrigation (Ecoinvent, 2024). Despite
differences in environmental burdens, CEA—which originally involves the alteration of
the natural environment to optimize plant growth and achieve higher yields (Jensen,
2002)—complements open-air systems by leveraging seasonal harvest variations. With
the rising energy costs, this complementarity has become increasingly important as
many Dutch suppliers source crops from Spain’s Almeria and Murcia regions during
the winter months (Tong et al., 2024). Capitalizing on the favorable climatic conditions
to meet the demands in Europe throughout the year, many Dutch producers, such as
AgroCare, have established semi-closed greenhouses in Tunisia and Morocco, despite
local resistance and protests (Sijmonsma, 2023).
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Enclosed structures are not necessarily impervious, isolated, or fixed; rather the inside
(architecture and technologies) extends beyond the greenhouse structure to influence
and reconfigure its immediate surrounding while forming part of social, environmental
and socioeconomic networks that interact with broader scales, processes, and natures
(Biehler and Simon, 2011; Easterling, 2014; Brenner and Katsikis, 2020). As a conse-
quence of globalization, inputs that support greenhouse operations and that were initially
provisioned through local resources are increasingly being sourced from different geo-
graphic locations. These distant interactions between diverse human, technical, and
natural systems have socioeconomic and environmental implications that are often not
accounted for (Tonini and Liu, 2017; Liu et al. 2013). Such global networks and their
ensuing challenges require the consideration of different geographic locations and
scales—beyond the confines of the greenhouse—to attain a better understanding of the
flows and metabolic interactions. The complexity of socio-ecological flows and the net-
worked forms of accumulation and infrastructures involved to maintain these technically
mediated enclosures dictate that greenhouses are increasingly understood as spatial-tem-
poral or socio-ecological fixes for food production (Ekers and Prudham, 2017; Marvin
et al., 2024). Indeed, CEA is inherently infrastructural, and together with digital technol-
ogies, bypasses and reconfigures local environments and new contexts, transforming pat-
terns of food production across different scales (Marvin and Rutherford, 2018; Marvin
et al., 2024). Overall, CEA and their associated cloud and industrial platforms can poten-
tially reconfigure patterns of urbanization, regulate space, and shift “the consumption,
perception, and production of material urban space” (Bauriedl and Striiver, 2020:
270). Against this background, CEA that seek to fulfill the “promise of digital agriculture”
(Shepherd et al., 2018) bring to the fore spatial questions that should be further explored
by urban planners.

Automation technologies in CEA are profoundly political and are increasingly
encouraged to sustain the accumulation of capital. Lockhart and Marvin (2020: 642)
argued that automation technologies are adopted in controlled environments transform-
ing the latter into “politically mediated spaces, embedded within broader social processes
and uneven production of nature.” Analyzing three cases in the city of Sheffield, the
authors highlighted the ways in which fragile controlled environments are influenced
by the context’s political economy in an attempt to shape these areas into enclaves for
reproduction and accumulation. From the perspective of agritech firms, Gardezi and
Stock (2021) noted that the adoption and use of capital-intensive technologies, are
intended to maintain capital accumulation and agritech’s hegemony over food pro-
duction systems. The adoption of automation technologies requires considerable invest-
ments and the “securitization of a site” to maintain optimal and completely secured
artificial enclosures (Marvin et al., 2024). The concentration of corporate power and
the high costs involved in adopting technologies has implied that numerous automated
and digital systems mainly cater for the needs of large-scale, wealthy farmers—a
phenomenon that profoundly affects small and mid-sized farmers (Rotz et al., 2019).
Indeed, digital solutions in agriculture generally and CEA specifically seem to
empower agritech suppliers and large-scale, family-owned horticulture holdings and
exacerbate the disparities, digital divide, and economic polarization thereby hampering
the participation of small and medium-sized firms or pushing them into debt to maintain
their competitive advantage (CBS, 2016). The economies of scale along with capital
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accumulation further enable large capitalist firms to adopt and access automation tech-
nologies thus reducing their input costs and exacerbating unsustainable intensification
practices (Tilman et al.,, 2002, Rotz et al., 2019). As a result, low-input small scale
firms lag behind the technological race and become largely absent from data develop-
ment areas. The large amounts of data generated by digital systems are not neutral;
they rather reflect power relations, capital accumulation processes and bring to the
fore questions regarding ownership, access, and control over data (Pauschinger et al.,
2022).

Opverall, there is a lack of empirical studies on these emergent socio-technical infra-
structures and their role in shaping spatial, environmental, and economic processes.
An evaluation of the technical functionalities of these systems is not enough to
develop a holistic understanding; rather digital systems and automation technologies
should be analyzed through the complex composition and interactions of actors and
interests (Pauschinger et al., 2022). While emerging scholarship has explored the techni-
cal, social, economic, institutional, and ethical implications of digital technologies in
agriculture (Carolan, 2018; Klerkx et al., 2019; Rotz et al., 2019), numerous gaps numer-
ous gaps still warrant attention. These include the role of farmers... the role of farmers
(particularly the focus on data-driven management in lieu of hands-on experience), the
involvement of new actors in the agriculture sector due to digital opportunities (Carolan,
2020; Broad, 2020; Lioutas et al., 2019), the contribution of new technologies to the de-
skilling of laborers and the displacement of farm workers, as well as the marginalization
of and discrimination against the digitally illiterate or non-adopters (Klerkx et al., 2019).
In addition, the reciprocal processes between technologies and the context, particularly
farm scale, farmer’s role, division of labor, value chain, and knowledge systems are not
well understood in urban studies literature.

In a similar vein, the effects of digitalization on value chain actors as well as on sus-
tainability issues remain underexplored. Indeed, despite the pervasiveness of digital tech-
nologies, their contribution towards the transition to sustainability is not well addressed
in literature (Klerkx et al., 2019; Kneirim et al., 2019). In that regard, empirical studies are
further needed to reflect on these “socio-cyber-physical systems” to better conceptualize
digital agriculture and sustainability goals (Lioutas et al., 2019; Lockhart and Marvin,
2020) and understand the metabolic processes and flows that bridge otherwise distant
yet connected human and ecological realms to support CEA operations (Hull and Liu,
2018). Since the increasing diffusion of automation technologies conditions the spatial
logics, materialities and processes of the urban context (Macrorie et al., 2019; Marvin
et al., 2024), we explore the issue empirically by focusing on these socio-technical enclo-
sures and artifacts and the ways they shift and produce patterns of urbanization while
affecting labor, orchestrating material and resource flows at different scales, and accent-
uating the division between a technologically intensive inside and a natural outside.

Case Study: Westland

Westland, an agglomeration of several towns, is the Dutch epicenter of horticultural pro-
duction. In 2004, Westland along with the neighboring Oostland was designated a
Greenport. Greenports are defined as concentrated geographical clusters consisting of
firms and institutes that support the Dutch horticulture sector (Mann et al., 2011).



8 e G. ABOU JAOUDE AND V. MUNOZ SANZ

Greenhouses occupy more than half of Westland’s total area with less than 443 hectares
available for their expansion (Compendium voor de Leefomgeving [CLO], 2020).
Hosting the highest concentration of greenhouses compared to similar milieus, Westland
embodies a large number of vegetable greenhouses (around 37 percent of total green-
house area), ornamental and floriculture (approximately 32 percent), potted plants
(approximately 27.4 percent), as well as seedling and seed (around 3.5 percent) green-
houses and companies (Jannink et al., 2015).

The success of Westland is attributed to its ideal climatic conditions and strategic
location, given its proximity to the port of Rotterdam. Complementing greenhouses is
a network of physical infrastructure that underpins the distribution of horticulture per-
ishables - including auction houses (most notably Royal Flora Holland), wholesalers,
cooperatives, fresh logistics services and agri-business parks for (re)packaging products.
As an export-focused cluster, the Greenport (Westland and Oostland) contributes sig-
nificantly to the national economy with an export value amounting to 5.4 billion euros
annually (Greenport West-Holland, 2019a). The newly established Dutch Fresh Port,
supports the Greenport and processes 25 percent of Dutch exports (Dutch Fresh Port,
2023).

Sustaining the competitiveness of the Greenport involves the improvement of acces-
sibility to horticultural production areas, freight and agribusiness parks as well as auction
facilities. The widening of roads and development of new infrastructure through provin-
cial visions are intended to intricately connect the Greenport to transnational desti-
nations and world markets. With the increasing complexity of distribution systems,
many growers have established cooperatives and growers’ organizations to evade pro-
curement restrictions of auction houses and wholesalers as well as protect family
firms. Others have opted to shorten the supply chain by selling directly to large retailers
and supermarkets through fixed-price contracts (Porter et al., 2011). Perishables destined
to overseas markets are shipped through containers from Rotterdam’s Coolport or
through refrigerated compartments at Schiphol airport. Perishables to intra-European
markets are transported through refrigerated trucks to preserve their quality and increase
shelf life.

Initially a center for grape production, the historical processes of land consolidation,
labor displacement, and resource exhaustion in Westland are echoed through successive
expansions of the greenhouse cluster as well as through the technological intensification
and typological transformation of greenhouses. After World War II, the policies of Sicco
Mansholt—the Minister of Agriculture in the post-war Dutch government materialized
in the accretion of land parcels, development of new roads, as well as expansion and
modernization of the horticulture cluster (Ijsselstijn and van Mil, 2016). Typological
shifts in greenhouses reflected through changes that enhanced radiation and enabled
growers in Westland to control temperature, sunlight, water, and fertilizer input—
necessary components for superior plant growth. With time, small unheated hotbeds
gradually gave way to commercial greenhouses with advanced machinery.

Nodal towns developed and the area witnessed additional scale expansions and mod-
ernization of the productive premises, particularly with the introduction of machinery
and technical improvements. With its designation as a Greenport in 2004, the horticul-
ture cluster acquired an industrial character. Greenhouses in Westland increasingly
transformed into knowledge intensive firms that relied on biotech activities and
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Information and Communication Technology (ICT) to enhance innovation and pro-
ductivity in horticulture.

Further precise control and automation of the production processes have been wit-
nessed recently. Bio-stimulants and biological control methods are increasingly used
to suppress diseases and increase yields (Marcelis et al., 2019). In addition to biotechno-
logical innovations, ICT tools driven by deep learning and big data improve efficiency by
reducing resource use while maximizing yields (Belussi and Sedita, 2008; Hoste et al.,
2017). The adoption of IoT enables the collection and exchange of real-time big data
with service providers. As an innovative ecosystem, big data and blockchains are
expected to drive further developments in the Greenport and support the development
of data platforms (Greenport West-Holland, 2019b).

Methodology

To understand the implications of automation on the built environment, we used a
mixed methods approach, where qualitative and quantitative data derived from litera-
ture, interviews, and spatial analysis were integrated. By means of expansive desk-
based research and field visits, a range of documentary material was gathered from
different greenhouse production organizations (e.g., potted plants, vegetables, and cut
flower firms), horticulture exhibitions and social media platforms to trace the variety
of digital agricultural technologies adopted and identify firms that embraced automation
technologies. These include promotional brochures, journalistic coverage, reports,
videos, etc. Following the collection of grey literature, purposive sampling was used to
identify a list of relevant interviewees. A total of 13 semi-structured interviews were con-
ducted: nine of which were with greenhouse representatives, three with high-tech firms
and one with a freight firm representative between November 2017 and November 2019
(See Table 1). Our semi-structured interviews focused on the company’s history, pro-
duction processes, resources, and uptake of digital and automation technologies to
understand the underlying spatial logics and the implications of socio-technical
systems on the greenhouse scale, workers and their skills, as well as capital accumulation
and resource input. We generated written summaries of the interviews and coded the
summaries thematically around four recurrent themes namely technology, energy,
labor, and space. Concurrent to interviews, we visited 15 greenhouses. Our observations

Table 1. Summary of greenhouse firms interviewed

Number of Branches in Total Area
No. Greenhouse Name Type of Crop Westland (ha)
1 Schenkeveld Tomaten Tomatoes 4 39.98
2 Ter Laak Orchids Orchids 2 17.90
3 Lans Tomaten Tomatoes 4 32.69
4 Prominent Tomatoes 2 17.32
5 Maarel Orchids Orchids 1 9.49
6 Opti Flor Orchids 3 17.23
7 Vreugdenhil Young Plants  Seedlings 3 26.28
B.V.
8 Deliflor Chrysanten Chrysanthemums (Seedlings/ 1 7.23
Cuttings)

9 Sion Orchids Orchids 1 6.34
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during those visits focused on the implications of technologies on greenhouse practices.
We supplemented our findings with existing scholarship and open geo-spatial data on
greenhouse age and size (Jannink et al., 2015; Publieke Dienstverlening Op de Kaart
[PDOK], 2020) which were used to develop analytical drawings that helped us interpret
the spatial dimension of the transition to automated forms of production in greenhouses.

Our approach has several limitations. Despite the small number of interviewees
involved, the findings of the study contribute to a better understanding of the Westland
horticulture cluster and the implications of technological intensification on the built
environment. In addition, the sample mostly included large-scale production firms in
order to depict the automated technologies used and understand their implications on
space, resources, and labor. During our greenhouse visits, we were given a tour of the
facilities; however, we could not engage in extensive periods of observation because of
safety and hygienic reasons. The exact number of laborers and the energy requirements
of individual firms were not revealed during interviews; rather representatives mostly
discussed energy sources and provided approximate numbers of seasonal and permanent
workers. Additionally, the precise number of greenhouses employing automated technol-
ogies is not conclusive due to the prevalent competitiveness between commercial green-
houses, which hampers access to firms and information. Instead, the number presented
in this study is estimated through secondary sources.

Results
Technology and Automated Control Systems in Westland’s CEA

Greenhouses adopted technologies to optimize production, scale-up operations, and
reduce labor costs. Others tapped into technologies to manage large greenhouses and
information, compensate for shortages of skilled labor, and maintain food safety. All
greenhouses in our sample embraced mechanisms and layouts from industrial and
systems engineering and adopted mechanical machines that substituted workers in
simple tasks and robotics or high-tech mechatronics equipped with sensors to handle
complex tasks. The scale and intensity of automation in these greenhouses is dependent
on the crop type, greenhouse operational volume, and size. Common to all horticulture
firms interviewed, the harvesting phase remains reliant on human labor. Whereas tasks
such as transplanting, sorting, and packing are extensively automatized (See Figure 1).

Given the scale of their operations, each greenhouse interviewed adopted environ-
mental control and energy efficiency systems including forced ventilation systems as
well as a combination of automated retractable or permanent screens to control air
humidity inside the greenhouse and enhance light transmission. With increasing press-
ures to reduce emissions, sensors and monitoring systems are employed to optimize
greenhouse parameters and the efficient use of resources. Wireless sensor networks are
distributed across the greenhouse to collect information and real-time data that
support decision-making processes. These sensors measure the crops’ physiological
status and rate of assimilation and the greenhouse’s relative humidity, carbon dioxide,
radiation, and temperature levels. A centralized system, to which all components and
sensors are connected, is operated and maintained by high-skilled workers and tech-
nicians. Cloud-based decision support systems are recently used to monitor, control,
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ORCHIDS GREENHOUSE

a PROPAGATION o SEEDLINGS o P o SCANNING e GRO!
IN VITRO PROPAGATION SELECTED VARIETIES ARE SEEDLINGS ARE FRESHLY PLANTED POTS ARE PLACED IN
PROPAGATED INTO SEEDLINGS MANUALLY PLANTED SEEDLINGS ARE SCANNED GREENHOUSES ON
FOR COMMERCIALIZATION IN POTS FOR VIABILITY AUTOMATED ROLLING
BENCHES (GROWING _-*
SYSTEMS) -

CLIENT | AUCTION HOUSE

o TRANSPORTATION o PACKAGING e SORTING ° SCANNING
PLANTS ARE ORDERED, SOLD & PLANTS ARE PACKAGED ORCHIDS ARE SORTED MATURE PLANTS ARE
TRANSPORTED TO CLIENTS & MANUALLY AUTOMATICALLY BASED ON THE SCANNED FOR VIABILITY
AUCTION HOUSES SCANNING RESULTS & A PLANT
STEM HOLDER IS INSERTED
MANUALLY

Figure 1. Generalized orchid production steps in a typical Dutch greenhouse involving manual and
automated processes

and regulate flows and account for future uncertainties by predicting, simulating, and
calculating trade-offs between the inside and the outside. A representative of a
company in Westland that specializes in the development of climate control solutions
for indoor horticulture, confirmed:

Each greenhouse is divided into different zones or climate compartments with varying
heating and lighting requirements. Through separate management technologies, we cater
for the needs of different compartments whether physically isolated or open. One standard
software system manages resources, lighting demands, water quality, and nutrient quantities
for the different compartments. The grower uses the software to balance the greenhouse eco-
system based on the conditions outside the greenhouse and the costs incurred by resources
... The use of integrated packages based on IoT enhances decision-making and improves
operational convenience by enabling growers to manage the greenhouse system remotely
through apps.

Greenhouses in our sample relied on internal logistic systems, including automated
guided vehicles (AGVs) and conveyor belts to reduce the movement of laborers,
improve production efficiency, and transport crops from a central growth area to a
sorting or packaging station. In potted-plants greenhouses, conveyor belts delivered
plants to an imaging unit where morphological characteristics were recorded—a periodic
procedure known as automated scanning or phenotyping. Plants that satisfy specific cri-
teria are automatically sorted for delivery. Automated sorting in these greenhouses is
achieved with the help of Radio Frequency Identification (RFID) tags embedded in
pot holders. Apart from tracking plants inside the greenhouse, RFID tags store data per-
taining to each plant. Since space is scarce in Westland, seedling and potted-plant
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greenhouses embrace automated growing multilevel systems. These technologies consist
of large moving trays that hold pots and offer the advantage of optimizing the use of ver-
tical space through stacking. AGVs and overhead cranes transport the trays to and from
the growing area. The mobile growing systems involve precision overhead spraying and
irrigation, automated cleaners and automated fillers to (un)load the pots to and from a
conveyor belt.

Under the guise of improving information management, efficiency, and transparency,
productivity monitoring software applications are extensively used in greenhouses for
tracking and evaluating the performance of labor. These performance-monitoring tech-
nologies prompt competitiveness among seasonal employees by displaying the accom-
plished work on mounted screens in sorting or packaging areas or by granting access
to harvesting workers to track and compare their progress through apps. Inspired by
Fordist approaches that seek to exercise labor control and surveillance, these technologies
constantly monitor and measure the speed and productivity of workers in real time
thereby contributing to rigid organizational structures. As a tomato greenhouse repre-
sentative emphasizes:

Workers dial their ID before and after harvesting or packaging. These technologies allow us
to locate workers inside the greenhouse and monitor the amount of work and time it takes to
perform the activity. Technology enables us to select the most efficient harvester, set goals
for the company and bonuses for eligible laborers. They also help us maintain food safety. In
case of complaints by retailers, we can track down, through the labor control system, who is
responsible for the problem and identify which worker harvested or packed what.

A high-tech enterprise representative added that apart from monitoring the speed, per-
formance, and quality of work done by laborers:

These systems help stimulate, educate, train, and communicate with workers in different
languages to optimize greenhouse production. Laborers in greenhouses become sensors
themselves by using these technologies to report and register the growth of diseases and
pests. These systems allow owners to develop larger areas of greenhouses with the same
number of laborers.

Greenhouses avoid presenting a negative image when tapping into labor monitoring
technologies. They confirm that these systems are not punitive; rather they are part of
good management practices to review performance and gather information on green-
house whereabouts and productivity.

Despite competitiveness, greenhouses in our sample seem to value the open culture of
innovation in Westland nurtured through government initiatives, research institutions,
and organizations. A relevant example is provided by a tomato greenhouse representative
who discussed the development of a consortium of greenhouses, tech-firms and research
institutions to develop a deleafing robot. Certain growers in our sample take advantage of
the open culture to test innovations prior to implementation. One said:

We make sure that a new machine is tested by four or five growers before us. Based on the
efficiency, performance and testing of our competitors, we make a decision to install the
machine in our greenhouse.

During interviews, high-tech suppliers noted that automation has further contributed
towards specialization of greenhouse production. Historically, greenhouses in Westland
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cultivated different types of crops. With the proliferation of monoculture, technology was
standardized and customized to specific crops. These specialized technologies dictated
the internal layout of greenhouses including the number of planting rows, aisles and pas-
sages as well as the position of labor in place and time. The ongoing customization of
crop-specific technologies to fulfil a particular role limits the potential of greenhouses
to develop with future changes in production and consumption patterns, particularly
when demand for a certain crop diminishes. This shortfall thus restricts greenhouses’
potential for reproduction and accumulation of capital. As an orchid producer notes
when asked about the future of greenhouses in Westland:

The internal layout and technologies used are suited for the growth of orchids and cannot,
for example, be used for producing vegetables. Competition in Westland is on the rise and
the market is saturated, so we are currently experimenting with different potted plants and
new varieties ... However, we always wonder will orchids remain in demand in the future. If
not, what will happen to all these orchid greenhouses?

Our interviews indicate that environmental control systems and automation technologies
are prone by their nature to malfunctions, failures, and obsolescence and thus require
monitoring, periodic maintenance, and updates. The periodic updates of digital and
industrial platforms incur additional costs and bring about new opportunities for agri-
tech suppliers to provide novel climate services or enforce their service business model
that binds greenhouses to ongoing service agreements (lock-in), making it difficult for
greenhouse owners to transition to alternative suppliers. Technological failures and
repairs also require the intervention of human labor, which is often overlooked or invis-
ible, to adjust machine operations. The disruptions and constant upgrading highlight the
persistent challenges in managing CEA as more greenhouse operations become depen-
dent on them (Lockhart and Marvin 2020; Lockhart et al., 2023). The recurrent
human intervention required due to malfunction and disruption emphasize the fragility
of these systems and their limitations and articulates the need to overcome technological
and human-machine interaction challenges in order to be considered reliable enterprises
for the future.

In sum, our interviews indicate that greenhouses in Westland are willing to embrace
further technologies through different phases of the production process, particularly the
harvesting phase which remains resistant to automation. The adoption of technology
remains largely uneven and varies geographically and temporally in Westland. While
crop-specific technologies generate large profits by optimizing production, they limit
the scope of greenhouses and their perspectives of capital reproduction. Productivity
monitoring software used in most greenhouses in our sample raises critical questions
regarding workers’ rights, ethics and privacy. Under the guise of efficiency and speed,
monitoring technologies used in indoor horticulture to handle the still necessary
human labor devalue work and intensify precarity.

Space

With the scarcity of space, Westland is challenged to accommodate rising housing needs,
horticulture productive firms, and their supporting enterprises. The (inter)national com-
petitiveness of the productive cluster conceals rising spatial tensions and challenges per-
taining to land scarcity. On one hand, the fierce competition between greenhouses and
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residential premises for space suppresses the large-scale expansion of greenhouses and
constrains Westland’s economic and technological viability propelling long-established
family-owned firms to move out of the cluster. Faced with the conundrum of spatial con-
straints, a tomato firm headquartered in Westland, has launched large-scale develop-
ments in North Brabant and Zeeland where space is abundant. On the other hand,
there is a growing disconnect between greenhouses and residents, who experience the
negative implications of the Greenport’s growth such as housing shortages, limited
spaces for recreation, competition for land, and immigrant labor. These aspects have
prompted turn to right wing populist parties, which have capitalized on fears of the
“other” and promised to offer solutions to pressing socioeconomic issues in Westland,
particularly housing (Hernandez-Morales, 2024).

Westland’s cluster derives its spatial configuration and arrangement of greenhouses
from the underlying polder structure and long-established land consolidation practices.
This configuration impedes recent plans to restructure the Greenport. Such a process
would be critical for the cluster’s long-term competitiveness, growth, and continuity.
However, spatial restructuring is also hampered by the scattered private housing and
accompanying ownership challenges as well as the varying scales and age of greenhouses.

Conceived as hybrid peri-urban land uses, greenhouses in Westland are mistakenly
characterized as rural premises. Throughout the years, they have largely embraced an
urban and industrial character. During interviews, greenhouse representatives in our
sample denied these erroneous assumptions and appeared to appreciate and take pride
in the industrial landscape and character of the cluster. Architecturally, the external
structural design and internal layout of greenhouses relies on systematic and quantitative
methods that optimize the use of space and increase operational profit and economic
efficiency.

While the total productive area is relatively constant, practices of greenhouse and
land consolidation, rising competition, and the shift from family-owned to commercial
businesses have induced a reduction in the number of firms and materialized in larger
greenhouses. This increase in firm size is also attributed to the adoption of automation
technologies and the changes in sales channels to direct sales between growers and
retailers or supermarkets which have recently gained prominence and largely outcom-
peted and substituted the prevalent auction system that was dominant in the 1990s
(Porter et al., 2011). Except for cut flowers and potted plants which are still traded
through auctions, direct supply chains and bulk buying are increasingly common
between retailers and large growers, who possess the capacity to manage and handle
the processes of logistics and sales (Ingenbleek et al., 2007). However, many large
growers remain members of major cooperatives such as Harvest House, Growers
United, Prominent Tomaten, and the Dutch Flower Group. Sales organizations and
cooperatives, which are major players in Westland, leverage economies of scale and
supply chains by streamlining sales from an exclusive network of growers to large
retailers.

To counter the large capital investments required to adopt automation technologies
and uphold the structural shifts to direct trade streams, growers expanded the planting
scale thereby ensuring increased yields and profits. In mapping the ongoing practice
of land and greenhouse accretion in Westland, we found that this process not only
results in a larger greenhouse footprint but also reduces the number of firms and
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ultimately increases economies of scale (See Figure 2). Our analysis of geo-spatial and
secondary data also revealed a positive correlation between greenhouse size and auto-
mation whereby the larger the greenhouse the more likely it employed automation tech-
nologies (See Figure 3). Most greenhouses comprising automation technologies are
beyond two hectares. Additionally, it was observed that approximately 15 percent of
greenhouses in Westland acquired automation technologies and occupied 30 percent
of the total productive area. These results are further validated in our interviews where
automation was cited as one of the major drivers for expansion. A high-tech supplier
in Westland further explains that automation technologies are not implemented in
greenhouses with an area less than 0.5 hectares:

Automation in a 10-hectare greenhouse is more profitable and easier to implement than a
five-hectare greenhouse. When automating certain tasks, a larger scale is required to better
control operations and gain a higher return on investment.

These findings also align with national tendencies where throughout time, the average
size of Dutch greenhouses increased from 0.95 hectares in 2000 to 2.79 hectares in
2019 (Agrimatie, 2020). Compared to 1990, the number of firms in Westland has plum-
meted from 3,078 (Voskuilen and van Rijswijk, 1997) to 587 greenhouses in 2019 (Wos,
2019).

Through our analysis, we classified greenhouses into three categories based on their
size and extent of automation adoption. Micro-producers, as we define them, are rela-
tively small greenhouses—less than two hectares—with low investment capacity,
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Figure 2. Land and greenhouse consolidation processes over the years in Westland



16 e G. ABOU JAOUDE AND V. MUNOZ SANZ

Greenhouse size
(ha)

I Greenhouses without digital or automation technologies

Y

17+

10

Greenhouses built before 1980

“

oon
.o
“
e
o
.
oy

~
.
o
Arvies
e
-
o~
PryeN
A

ersvatton

Greenhouses built between 1981 - 1990

e o &

cegrgnes

W Greenhouses with digital or automation technologies

Figure 3. Relationship between greenhouse size and adoption

Westland

Greenhouses built between 1991 - 2000

A g

L ]
":

LR 44

gegssovoge o -
{ - 4

ease

Greenhouses built after 2001

‘3’ e o9 4‘\51!"'

e

satiie

otusd
St ede
ese
sevetion
.
st
s
o/
ve
fesovaree
e\
aimevie
reorss
Nrorrne
gy
esrisates
s
wltemas
formn

Time

of automation technologies

in



JOURNAL OF URBAN TECHNOLOGY 17

minimal number of machines, and limited climate control equipment. They often supply
the local region or cooperatives of growers. The firms we refer to as aspiring producers are
greenhouses that adopted some automation technologies and are between two to five
hectares. They have computerized irrigation systems and good climate control equip-
ment with moderate investments in production and digital models. Global producers
are highly automated greenhouses beyond five hectares with a large production capacity
providing global markets, supermarkets, and cooperatives. These are capital and techno-
logically intensive greenhouses with high investments and advanced cultivation and pro-
duction systems. While some global producers are only reliant on permanent workers,
such as large orchid greenhouses, others require substantial numbers of low-skilled sea-
sonal laborers with few permanent high-skilled workers.

By embracing automation, greenhouses have been transformed into complex assem-
blages of machines and humans. In Westland, a reciprocal correlation exists between
greenhouse scale and the uptake of digital and automation technologies. We conclude
that, as long as the total productive area remains unchanged, Westland will likely con-
tinue to witness a drastic reduction in the number of companies whereby only large-
sized greenhouses remain operational. It is likely that this trend will accelerate in the
coming years as new automation technologies are adopted, inducing further green-
house expansion. The competitiveness of the Greenport will dictate further specializ-
ation and cheaper products—a practice that will intensify either the concentration of
firms, multiplication of spatial products across the landscape, or their relocation
outside the cluster. Despite planning policies to contain greenhouse sprawl, the com-
petitiveness of the Greenport and the growers’ interests—and thereby capital accumu-
lation—take precedence over calls for housing or those that condemn the growing
socio-ecological footprint of greenhouses. As a viable economic region, space and
power relations are constantly redefined, incurring deleterious socio-ecological and
spatial implications.

Energy

Horticulture infrastructures incur exorbitant energy expenditures to sustain their daily
material practices and processes. Energy expenditures in greenhouses are mainly
intended for maintaining greenhouse ambient temperature, greenhouse lighting, and
machine operation. Dutch greenhouses allocate 75 to 90 percent of the energy for
heating and maintaining optimal temperatures for crop production (Montero et al,
2017). Notwithstanding the growing share of renewable energy, the Dutch greenhouse
industry accounted for 80 percent of the total energy use in agriculture in 2020 compared
with an agricultural output of 69.61 percent (Agrimatie, 2022; CBS, 2022).

Largely contingent upon the crop type and firm size, greenhouses in Westland necessi-
tate different energy requirements and deploy high levels of technological intensity to
ensure year-round production. All greenhouse firms interviewed rely on the combustion
of natural gas in combined heat and power (CHP) units to meet their energy and heat
requirements. Adopted from other industries, Westland has since the 2000s seen the
growth and diffusion of CHPs—an innovation that improved energy efficiency and
reduced emissions. However, the main reason behind adopting these socio-technical
systems is not environmental but rather economic. Perceived as an economic driver of
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the Dutch economy, greenhouses in Westland received quantity discounts or rebates for
the shift to natural gas consumption (Polman et al., 2004). Solvency, firm size, and
payback time constituted major drivers for investments. Driven by the need to reduce
costs and increase profit, greenhouse firms back then favored CHP technologies over
other environmentally friendly systems, with the region’s consumption estimated
around one billion cubic meters of gas for heating and electricity (Gemeente Westland,
2019).

With rising energy prices and environmental restrictions, high carbon emissions
have warranted greater attention to the environmental footprint of greenhouse oper-
ations and to the pressing need to invest in energy efficient technologies. Environ-
mental policies, such as dynamic pricing and subsidies, play a role in facilitating
transitions to a sustainable cluster by incentivizing the uptake of renewable and
clean technologies in horticulture industries. Digitalization and automation technol-
ogies are accordingly adopted to mitigate environmental implications, reduce pressures
on the ecosystem, and optimize resource consumption. Indeed, greenhouses in our
sample are shifting towards investments in energy-saving technologies to reduce
costs where a representative of an orchid greenhouse explains the firm’s recent tran-
sition to geothermal energy:

Along with CHPs, all of our branches are connected to a geothermal heating system. Cur-
rently, around 50 percent of our energy usage is provisioned though sustainable sources.
This helps us save natural gas and reduces our emissions per square meter.

Energy saving innovations and renewable sources used in Westland include heat storage
systems, heat pumps, heat deliveries, use of multiple screens (permanent or movable),
double coverings as well as geothermal, wind, and solar energy. Screens and coatings
are aimed at maximizing the use of sunlight and light transmission, preventing energy
loss through improved insulation, increasing energy efficiency and energy use to
support crop production and management (Pekkeriet et al., 2015). The combination of
the sophisticated, hidden, and automated environmental control systems recreates and
precisely maintains an internal artificial microclimate suitable for the plant’s optimal
growth yet distinct from the climatic conditions of a natural outside. While environ-
mental control systems save energy, automation technologies along the production
process increase its consumption, particularly with the scaling up of greenhouses
which further intensifies demand. A high-tech representative exemplifies these counter-
ing tendencies:

Investing in environmental control systems saves energy compared to traditional green-
houses. However, automation technologies require a certain amount of energy to move
plants inside the greenhouse while facilitating the production of a higher number of
plants per square meter. These technologies reduce production costs by 10 percent and
increase energy expenses by 2 percent which gives the grower a net gain of 8 percent.

Contributing towards a transition to a circular economy, the Organic Carbon
dioxide for Assimilation of Plants (OCAP), partnered with greenhouses in Westland
to supply the latter with pure CO, resulting from industrial processes at the Port of
Rotterdam (Ros et al., 2014). Through a former oil pipeline, CO, is supplied partially
covering Westland’s cluster where 89 percent of greenhouses in our sample benefit
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from this synergetic model. The supply of CO, contributes to net reductions of carbon
emissions and minimizes the use of natural gas. However, further reductions are
harder to achieve, as confirmed by different interviewees, since the demand for CO,
is seasonal.

Energy expenditures in Westland expand across operations and infrastructures
beyond greenhouses. An assemblage of food and packaging companies, auction
houses, trade and retailers run expansive cooling and chilling storage facilities to main-
tain perishable horticultural products at designated temperatures before shipment world-
wide. Maintaining the temperature of these ancillary infrastructures entails transnational
flows and metabolizations. In this regard, greenhouses in Westland harbor a dynamic
network of “metabolic socio-environmental processes” (Swyngedouw and Heynen,
2003: 900) that exhausts local and contextual material landscapes. With gas fields in Gro-
ningen nearing depletion, Westland relies on imports of liquified natural gas from Russia
and Norway. These findings suggest that energy-intensive operations in Westland and
their resulting environmental implications contradict the Greenport’s disposition as a
sustainable model and its vision to attain climate neutral greenhouses. In the short
term, these intensive operations sustain the Greenport economically due to the long
payback time of renewable and sustainable investments.

To portray themselves as advanced reliable enterprises, most greenhouse owners
during interviews boasted about the various technological innovations adopted and
the ways in which the latter supports the greenhouses in reducing their impact on the
environment. For example, most vegetable greenhouses in our sample discussed
precise fertilizer dosing and water recycling systems used to reduce their water footprint.
As part of its corporate identity, an orchid grower interviewed has sought to market his
greenhouse as a sustainable company through certifications emphasizing the transpar-
ency of its practices. Under the guise of sustainability, horticulture enterprises in West-
land are compelled to adhere to new forms of accumulation due to stringent regulations
and their own interests to exhibit high corporate social responsibility. They seek to
portray a positive image by presenting narratives of circularity. However, these alterna-
tive approaches are largely profit-driven. In light of their compliance with stringent regu-
lations towards reducing emissions and the parallel rising risks in energy markets, our
interviews suggest that horticultural firms in Westland will be prudent and keen to
adopt newer innovations and alternative frontiers of accumulation.

Labor

Infrastructuralized enclosures in Westland are predicated on the mobilization of human
labor. With the accession of Central and Eastern European countries to the European
Union in 2004, greenhouses were replenished with recruits of cheap seasonal labor as
local labor was reluctant to perform tedious repetitive tasks. Despite recent substitutions
by automation technologies, foreign labor remains indispensable particularly for oper-
ations that require dexterous abilities to handle the fragility of the perishable crops
and anomalies of the greenhouse environment. To maximize profit and maintain their
competitive advantage, growers interviewed sought to keep labor costs to a minimum
as the latter constitutes a significant portion of the total operational and production
costs. In this regard, some greenhouses adopted new technologies to reduce the
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number of low-skilled immigrant labor. Others offshored tasks to areas with widespread
availability of low-cost labor and inadequate enforcement of environmental regulations.
For example, the largest chrysanthemum breeder in Westland, discussed its global breed-
ing sites in Africa where new breeds are mass-propagated and cuttings are manually har-
vested from mature plants in production facilities abroad.

Greenhouses interviewed reflected labor market duality where workers with fixed con-
tracts occupy managerial and administrative positions—most of whom are domestic
workers employed at higher wages and constitute a small percentage of the workforce
—compared to “flex workers” who constitute the majority of the workforce and are
largely foreigners.

A tomato greenhouse representative confirmed that:

Three to four highly skilled workers are only required per each branch whereas approxi-
mately 100 temporary workers are employed through different agencies in Westland.
Each 10 hectares of production requires four workers for packaging, weighing, and
sorting tomatoes. However, five to six laborers are needed during peak times.

The surplus of transient and dispensable workers and the fierce competition have
encouraged precarious work and often illegal employment practices. This perpetual pre-
carious process that seeks short-term contracts frees greenhouse owners from providing
lifetime job security and paying annual salary increments. However, it imposes pressures
and challenges such as uncertainty of labor and the training of inexperienced flex workers
when each season arrives. This structural challenge is overcome by technological
advancements that substitute for human labor as confirmed by a highly automated
orchid greenhouse:

Most employees are required for the packaging and no laborers are needed anymore inside
the growth areas. Substituting labor for technologies in the growth chambers eliminates the
need for aisles and increases the number of plants per square meter. To avoid challenges
associated with flex contracts, we only employ permanent workers ... around 70. Even
during peak hours, temporary workers are not employed. Instead, employees are requested
to work for longer periods of time.

As growers isolate migrant workers away from production processes, the prospects of
receiving training are limited (Siegmann et al., 2022). In contrast, skill reproduction
security is high for highly skilled workers with higher paid jobs. The training of high-
skilled workers is part of the green education and is conducted through various agricul-
tural education and training centers such as the Wageningen University and Research
Centre (WUR), that works with industry partners and focuses on knowledge valoriza-
tion, the Aeres Training Center through its PTC + Program and the HortiTech Inno-
vation Traineeship, which was recently launched by TNO, AVAG and HortiHeroes
(Caggiano, 2014).

The declining number of laborers due to automation, as derived from our interviews,
is also evident in the greenhouse horticulture sector across the Netherlands which has
seen a reduction of approximately 30 percent in the total annual work unit (AWU)
between 2000 and 2018 (Agrimatie, 2019). Apart from automation technologies that sub-
stitute for labor, an interviewee attributes the decline to current stringent immigration
policies that discourage the channeling of low-wage labor and induce a shortage. In
addition to the increasing greenhouse size, some growers interviewed noted the lack of
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timely access to seasonal unskilled labor and expanding job opportunities for family
members beyond the agriculture sector as further reasons for the declining workforce
and incentives that prompt firms to adopt new technologies. A high-tech firm noted
that the combination of technologies including automated control systems may help
growers save up to 80 percent of labor compared to the traditional greenhouse.
Overall, our interviews indicate that the diffusion of automation technologies in
greenhouses largely substitutes for low-skilled tasks—which are widely undertaken by
foreigners, particularly women. Similar to technologies, labor in greenhouses remains
hidden. The invisibility, seasonality, flexibility, and division of labor devalue work and
intensify precarity. In view of the high number of temporary workers employed,
labor-intensive vegetable firms in our sample appear to be the most eager to embrace
automation technologies to reduce the number of low-skilled workers and production

Table 2. Summary of the main findings

Technology

Space

Energy

Labor

- Main reasons to adopt
digital and automated
technologies include
optimizing production
processes; scaling-up
operations; reducing
labor costs; managing
information; improving
decision-making and
maintaining food safety.

- The harvesting phase is
not automated.

- A combination of
hardware and cloud
platforms are used to
collect information and
real-time data and
support decision-making
processes.

- Technologies prompted
further specialization of
greenhouse production.

- Crop specific
technologies restrict
greenhouses in
transforming their
production processes
according to changes in
consumption patterns

- Land scarcity in Westland
engenders competition
between greenhouses
and other uses. It
hampers the expansion
of greenhouses and
expels long-established
firms out of the
Greenport.

- Historical consolidation
practices and the
underlying polder
structure have dictated
the Greenport’s spatial
configuration and
restricts restructuring
processes.

- A reciprocal correlation
exists between
greenhouse scale and
the adoption of
automation
technologies.

- Greenhouses in Westland
can be classified into
three categories
according to their scale
and investment capacity
in automation and digital
technologies, namely
micro-producers;
aspiring producers; and
global producers.

Most greenhouses in
Westland rely on CHP
units for their energy and
heat requirements.

A combination of CHP
and energy saving
technologies are used
not only to reduce
emissions but mainly for
economic reasons.

The uptake of
automation technologies
intensifies energy
consumption.
Automated
environmental control
systems emphasize the
schism between an
internal artificial
microclimate suitable for
the plant’s optimal
growth and the climatic
conditions of a natural
outside.

Greenhouses in Westland
are supported by
networked metabolic
processes that exhaust
distant ecological realms.
Under the guise of
sustainability and
corporate social
responsibility,
investments in
automation technologies
are intended to adhere to
stringent regulations and
to maintain the
economic interests and
capital accumulation of
greenhouses.

Labor costs constitute a
significant portion of the
total operational and
production costs and
thus greenhouses in
Westland recruit cheap
seasonal labor to
maximize profit and
maintain competition.
Many greenhouses in
Westland adopted new
technologies to reduce
the number of low-
skilled laborers. Others
offshored tasks to Africa
or South America where
labor costs are low.
Observations and
interviews revealed that
labor market duality
characterizes most
greenhouses in
Westland.

Immigration policies,
lack of timely access to
seasonal labor,
increasing greenhouse
size and expanding job
opportunities for family
members beyond the
agriculture sector are
major drivers for the
adoption of
technologies.

The invisibility,
seasonality, flexibility,
and division of labor in
Westland devalue work
and intensify precarity
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costs and improve their competitiveness globally. In sum, Westland is not only under-
pinned by global resource flows and material processes but necessitates the circulation
of human capital to sustain its infrastructures.

Discussion and Conclusion

Through empirical observations, this article depicted the ways in which automated and
digital infrastructures in Westland reconfigure the built environment. It emphasized
capital’s role in shaping Westland’s spatial, social and environmental conditions
while intensifying technological diffusion. We drew from semi-structured interviews
and field visits of horticulture firms in Westland, to offer an in-depth understanding
of the socio-spatial and socio-environmental implications of automation technologies.
We supplemented the data obtained from interviews with our analysis of secondary
sources and open geospatial data. Overall, Westland can be characterized as a
dynamic and rationally optimized ecosystem of highly specialized actors which con-
tinuously push technological innovations to adapt to changing demands by consumers,
the government, and society at large. Insights from industrial and systems engineering
guide the layout and internal flows of contemporary greenhouses, and automated sol-
utions impose new demands in terms of greenhouse size. Greenhouse automation—in
the form of mechanization of simple tasks, software, sensors, and advanced, flexible
robotics—is widely seen as the key to reducing resource use and labor, the sector’s
highest cost contributors.

Data derived from interviews and secondary sources revealed that each of the ident-
ified types of greenhouse producers exhibits a varying technological intensity. Global
producers, particularly vegetable firms, seem to prompt further innovations and high-
tech solutions to reduce low-skilled labor. Their voracity to scale-up operations is
largely dependent on the availability of space and the need to increase their return on
investment. Due to their saturation and high technological intensity, global producers
do not generate new long-term job opportunities since few high-skilled personnel are
required to manage the greenhouse. Despite their desire to expand and scale operations,
aspiring and micro producers appear to be unable to keep up with the ongoing compe-
tition largely due to solvency and their limited technological intensity. These producers
will likely remain small or medium-sized firms with the possibility of being acquired in
the future by global producers who are in dire need of space in Westland. This practice
will increase economies of scale and exacerbate inequalities in the cluster. These findings
align with various scholars who confirmed greenhouses’ voracious consumption of land
—a “horizontal pollution” to the idyllic Dutch landscape—and encroachment on resi-
dential areas (Mann et al., 2011; Altes and van Rij, 2013).

The increasing digitalization and infrastructuralization in Westland are transforming
controlled growth environments into assemblies of privatized hardware and software
components that reinforce inequalities of labor and extend into the built environment
to create selective and exclusive spaces, produce uneven patterns of urbanization, and
orchestrate urban flows, resources, and actors. The increasing gentrification, tensions
between production premises and housing and capital intensity in Westland confirm
the findings of Carolan (2020) who concluded that digital technologies are associated
with material gentrification and capital concentration.
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Through our greenhouse visits, the dualism between well-paid, high-skilled workers
(mostly men) and insecure, low-skilled laborers, mainly women and migrants, is striking.
Correspondingly, automation and digital technologies in Westland, like digital plat-
forms, produce unbalanced power relations and intensify the gendered division of
labor. These findings support conclusions by Klerkx et al. (2019) who called for future
research to explore the implications of digitalization in agriculture on gender issues.
Overall, labor remains a central component for accumulation (Harvey 2000; Smith,
2007).

As automation technologies cannot yet replace certain forms of labor in greenhouses,
flexible and seasonal human labor and monitoring systems are a widespread tendency.
The prevalence of precarious work, labor flexibility, illegal employment and exploitation
regimes earned Dutch greenhouses a negative public image (Kroon and Paauwe, 2014) as
the media increasingly reported these practices as “reminders of slavery” (Basekin and
Mos, 2017: 1). Labor in these enclosed microclimates remains largely hidden which
increases tendencies to devalue work and worsen precarity and exploitation, raising ques-
tions regarding the sustainability of the sector. Crisis of public image and policies on
minimum wage and immigration are thus expected to contribute to widespread
diffusion of automated technologies in the future.

Our results also echoed the work of Kneirim et al. (2019) who found through inter-
views and surveys of German farmers that farm size affects the uptake of digital technol-
ogies given the farm’s capacity to invest. Aside from costs, which is also an impediment
that hampers the adoption of technologies in Westland, the authors cited missing stan-
dards that facilitate the exchange of data between different systems; limited farmers’
knowledge; and lack of communication between suppliers and farmers as barriers to
the uptake of technology (Kneirim et al., 2019).

As spaces of production, automated greenhouses, through their scalable operations,
are involved not only in the production of commodities but also of space. Accordingly,
greenhouses are transforming into yet another “milieu of accumulation, of growth, of
commodities, of money, of capital” (Lefebvre, 1991, as cited in Sadowski, 2020) where
automation technologies leverage the new logics and mutations of capital. Additionally,
the relocation of greenhouses outside the cluster, the offshoring of tasks to countries with
low labor costs, and the drafting of gas from other countries testify to the transnational
reach of Westland and its global network of metabolic flows and material processes that
reinforce the accumulation of capital. Indeed, digital and automation technologies entail
networked material flows that are often connected to distant human and natural systems.
Since distant forces and interactions are considered as exogenous factors, their profound
implications on the sustainability of various localities are often not well addressed (Liu
etal., 2013; Swyngedouw 2013). The geographic distance often emphasizes the invisibility
of socioeconomic and environmental ramifications strengthening further the distinction
between CEA’s enclosed artificial inside and a remote outside. With the rise of eco-cer-
tifications and sustainable sourcing guidelines, future research could adopt analytical
approaches to further understand the role of automation technologies and CEA in cur-
ating distant socioeconomic and environmental interactions and their implications on
sustainability at the local and global scales.

Findings from our interviews highlight ongoing limitations and contradictions in the
utilization of technology and energy in controlled environments. The fragility of
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automation technologies is a prime example that emphasizes the limitations of these socio-
technical systems due to the recurrent human intervention required—a finding that has
been previously proffered in literature (Lockhart and Marvin, 2020; Muifloz Sanz, 2017).
These breakdowns underline the technological challenges that still need to be overcome
to consider greenhouses as sustainable models for future food production. While condu-
cing greenhouses to specialization and increasing profits, automation technologies serve
a particular role and are thus limited in their scope. More specifically, crop-specific tech-
nologies restrict the potential of horticulture firms in Westland to shift production patterns
and thus constrain the (re)production of capital. The increasing specialization and the
development of crop-specific technologies are driven by market forces and contribute to
further rationalization. While crop-specific technologies help firms customize their prac-
tices, the capital-intensive top-down systems weaken agro-ecological production
systems, disempower firms through their adoption, and restrict conversion to other
forms of production given the high investments required. As each technology attends to
a specific issue or task, a bundle or package of technologies is often required to optimize
operations thereby increasing costs and impeding change. Future research could further
explore the implications of increasing specialization, crop-specific technologies, and tech-
nological challenges in a firm’s long-term sustainability and risk management plans.

Additionally, automation technologies, particularly environmental control systems,
emphasize distinctions between an enclosed artificial inside and a natural outside.
Demands for higher energy efficiency and reduced CO, emissions necessitate the adop-
tion of innovations that further the infrastructuralization of urban space and firm con-
solidation. This diffusion of automation technologies, under the pretext of
sustainability and efficiency, intensifies the use of resources in Westland due to econom-
ies of scale. Referred to as Jevon’s Paradox (Alcott, 2005), the ongoing sustainable inten-
sification in Westland increases energy expenses given the growing scale of greenhouse
operations, thereby countering efficiency gains from “resource saving” technologies.
With stringent regulations, greenhouses’ sustainability narratives are largely profit
driven. Economically, they cannot yet fully shift to sustainable and alternative forms
of production and consumption. These results confirm the findings of Broad (2020;
14) who in examining the case of Square Roots, an indoor vertical farming enterprise
in Brooklyn, New York, noted that buzzwords, claims of corporate sustainability and
myths of transparency often conceal selective organizational practices, disclose certain
information, and “downplay aspects of reality.” The author’s findings also supported
conclusions that technological systems in CEA incur exorbitant energy costs and that
CEA are not possibly capable of surpassing economic and technological challenges
that limit its potential as a future sustainable option (Broad, 2020).

With ideal climatic conditions and location, Westland is the landscape where interde-
pendencies between human-machine ecologies and metabolic flows- for sustaining
capital accumulation and the competitiveness of the sector- materialize around a perma-
nent struggle for land, energy, and labor. As planning policies restrict the increase of land
for industrial horticulture, the cluster’s economic and technological viability is con-
strained, inducing both a process of business and land consolidation to make space for
large-sized automated greenhouses, and a trend of firm migration to other national or
international clusters. This constraint and constant reliance on horticultural firms
renders Westland a fragile ecosystem and an unsustainable model.
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As radical climate variations challenge agriculture to meet future food demands, auto-
mated controlled environments emerge as a partial alternative for intensive food pro-
duction. Our findings suggest that planners should warrant greater attention to socio-
technical shifts and their spatial and environmental implications on the larger scale.
Our results support the premise that automation technologies affect the scalability of
structures and increase the need for space while generating economic gains that are
unevenly distributed (Carolan 2020; Kneirim et al., 2019). Planners in collaboration
with relevant stakeholders should consider policies that: optimize the use of space
through innovative mixed-use approaches, address employment opportunities particu-
larly for vulnerable groups, prompt synergies between horticulture firms and other
uses by providing necessary infrastructure, and spur innovations to sustain the economic
development of Westland and its transition to a circular economy.

Despite its global leading position, Dutch horticulture is in need of further innovation
and a transition towards sustainable food production. While the diffusion of robotic and
automation technologies is accelerating, these socio-technical systems have brought
about hefty environmental consequences, labor disparities, and new forms of govern-
ance. With firms diffusing these technologies globally, additional readings of these auto-
mated landscapes which do not omit their broader ecological dimension—the outside—
are required.
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