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Abstract 
Multiple threats to sustainability are driving the 

need to grow food in controlled environments, such as 

greenhouses. However, greenhouses consume large 

quantities of energy for lighting, heating, and 

ventilation, which places additional strain on the 

natural environment. For both business and 

environmental benefits, greenhouses must pursue 

sustainable energy management solutions. Combining 

design thinking with the socio-technical-ecological 

systems (STES) perspective, we analyze the 

greenhouse grower’s journey from awareness of 

potential solutions to post-implementation use. Our 

approach offers a novel way to understand the 

problem space. We find that sustainable energy 

management is more than a technical or even socio-

technical challenge; it also involves important 

ecological considerations. However, ecological and 

social concerns are less evident in the grower’s 

journey as compared to the physical and information 

technology dimensions. The research and 

development of sustainable technology solutions 

would benefit from giving equal attention to these 

three systems and the interactions between them.  

 

1. Introduction  

Increasing negative impacts of climate change, 

limited availability of water resources, and erratic 

weather patterns are putting pressure on food 

production systems. With the added effects of the 

global pandemic, the world is facing the possibility of 

a prolonged food crisis affecting millions of people 

[1]. Greenhouses offer a means to counteract 

uncertainty and unpredictability in the natural 

environment by providing controlled environments 

with efficient resource utilization and increased yield 

compared to open field farming [2, 3]. Worldwide, an 

estimated 1.2 million acres were used in 2019 for 

vegetable greenhouses, part of the 13.9 million acres 

of total global protected agriculture area [4].  

Despite the potential for greenhouse and protected 

agriculture to address food scarcity concerns, these 

practices face their own sustainability challenges in 

terms of energy consumption, which can account for 

up to 50% of the cost of greenhouse production [5] and 

high carbon emissions, depending on the source of 

electricity. For both business and environmental 

benefits, greenhouse growers must pursue sustainable 

energy management solutions, which include 

information systems (IS) for monitoring and managing 

energy consumption, energy efficiency programs, 

clean energy initiatives, and renewable energy 

generation. The adoption and implementation of 

energy management solutions is a challenging 

undertaking [3] and greenhouse growers face 

important hurdles in realizing their energy 

management goals. The aim of this study is to explore 

the experience of greenhouse growers with sustainable 

energy management solutions with a view to aiding 

the design of more effective solutions.  

Addressing today’s complex, dynamic, and 

interconnected problems demands radically different 

ways of framing those problems and conceiving 

solutions [6]. We combine two perspectives in a novel 

approach to understand challenges related to 

sustainable energy management in greenhouses: 

design thinking (DT) and the socio-technical-

ecological systems (STES) perspective. DT is an 

innovative way to improve software solutions by 

focusing the design of a product around the concerns, 

interests, and values of the users [7]. The first stage of 

design thinking, empathy, involves putting oneself in 

the position of the user to gain a rich appreciation of 

their experience or ‘journey’ with a particular system.  

While DT forces a system designer to examine the 

users’ experiences from many perspectives, it does not 

place any particular emphasis on dimensions of 

sustainability. This omission raises the risk of 

unanticipated negative ecological outcomes associated 
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with the developed solutions. IS scholars have been 

called upon to expand their work beyond traditional 

disciplinary boundaries [8]  and to find new ways of 

framing and solving sustainability problems. The 

STES perspective provides a path forward by 

extending beyond the sociotechnical perspective to 

consider the interactions between people, technology, 

and the natural environment [9].  

Combining DT with the STES perspective, we 

pursue two related research questions:  what is the 

greenhouse grower’s experience in adopting and using 

energy management solutions and how do social, 

technical, and ecological considerations come into 

play during this experience. To answer these 

questions, we construct a typical greenhouse grower’s 

journey map for sustainable energy management 

solutions based on interviews with growers, solution 

vendors, and other industry stakeholders. Then we 

overlay the social, technical (physical and information 

technology), and ecological considerations that arise at 

different points in that journey. By mapping the 

journey taken by greenhouse growers in this way, we 

provide a new way of conceptualizing the problem of 

sustainable energy management in greenhouses and 

highlight opportunities for novel solution 

development. 

We structure the paper as follows. In section 2, we 

provide background on DT, STES, and greenhouse 

energy management. In section 3, we describe the 

research methodology. In section 4, we present the 

results and follow with a discussion in Section 5. We 

conclude the paper in Section 6 by highlighting 

contributions and acknowledging limitations.  

2. Background 

2.1. Design thinking 
 

 DT is a product development approach “that uses 

the designer’s sensibility and methods to match 

people’s needs with what is technologically feasible 

and what a viable business strategy can convert into 

customer value and market opportunity” [10, p. 85]. 

DT focuses on understanding the user’s behavior and 

thinking through empathy and observation. DT 

requires close involvement and association of different 

stakeholders to discover new questions about the 

problem and reveal underlying assumptions. These 

investigations can inspire potential solutions that can 

then be tested and validated before the generation of 

the end product.  

The DT process comprises five stages: empathy, 

design, ideation, prototype, and test [11]. The empathy 

stage involves understanding the pain points and needs 

of users [12]. It also involves understanding the latent 

desires of users by examining the users’ environment, 

their roles, and their interactions in and with the use 

environment. This is followed by the define stage, 

where the information gathered in the first stage is 

accumulated, analyzed, and synthesized to specify the 

core problems. The third stage involves brainstorming 

or “thinking outside the box,” to find innovative 

solutions to the specified problem. The fourth stage is 

an experimental phase, where a potential solution, or 

prototype, is crafted for the problems. Finally, the fifth 

stage involves testing the prototype and gaining 

feedback and subsequent iterations. 

This research is situated in the first stage of DT, 

empathy. Empathy is an integral component of a user-

centered approach to problem-solving as it provides a 

more profound comprehension of the problem by 

setting aside personal assumptions and concentrating 

on the user’s aspects involved with the problem [12]. 

Various methods help to achieve the objectives of the 

empathy stage. In terms of data collection, surveys, 

interviews, and focus group discussions are common. 

These methods initiate a one-to-one connection with 

the users and provide insights into users’ deeper 

emotional and physical needs. The experiences shared 

by the users during these activities can be represented 

in the form of journey maps, empathy maps, and job 

stories. Journey maps, a key part of human centered 

design, are visual representations of the processes 

undertaken by an individual [13]. Such representations 

act as useful tools in bringing out the user's 

perspectives and exploring new ideas [14].  
Software designers have adopted DT to enhance 

customer experience [15] and DT is successfully being 

applied in information technology (IT), healthcare, 

business, engineering, and law [16]. Journey maps 

have been used to examine the possibilities of digital 

transformations in the banking sector [17] and 

improve the development of an enterprise portal in 

telecommunications [18]. DT could be a useful 

approach to solve complex socio-ecological problems 

[19] because it takes a systemic perspective that 

explores the embeddedness of the problem in the 

surrounding systems. However, it does explicitly 

address dimensions of sustainability and the use of DT 

to tackle sustainability issues has received little 

attention [20]. To address these limitations, we suggest 

that integrating the STES perspective with DT 

represents a promising path forward. 

 

2.2. Socio-technical-ecological systems 

 
While IS researchers have embraced the tight 

relationship between IS and social systems [21], the 

community has been slower to recognize the 

relationships between IS and ecological systems. 
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Green IS research has taken strides in this area by 

investigating how IS can be used to address 

environmental problems [8]. Still, much of the extant 

research takes a technological deterministic approach 

and considers the natural environment as an 

exogenous factor. In contrast, the STES approach 

recognizes at least four points of interactions between 

technologies and human and natural systems [22].  

First, when it comes to ecological systems, 

technology is a double-edged sword that creates mixed 

feelings and outcomes [22]. This dual reality has been 

recognized in green IS, with some suggesting that IT 

is responsible for the negative impacts while Green IS 

represents a solution [23]. This distinction, however, 

ignores the continuing negative effects that IS can 

have on the planet as people appropriate systems in 

different ways. Artificial intelligence (AI) for 

sustainability is just one example of the social and 

ecological ambivalence that technology can create 

[24].  

Second, technology is an increasingly important 

mediator through which people interact with nature. 

This means our understanding of the world is largely 

influenced by the representations furnished by 

technologies [22]. At the individual level, this role of 

mediation can be seen in new gamified applications 

that encourage more sustainable energy use [25].   

Third, in mediating the human-environment 

relationship, technology also transforms human 

agency and capacity to act [22]. In certain situations, 

technology may have enabling effects. In the 

agricultural sector, for example, new technologies, 

such as tractors [26] and irrigation systems [27], give 

farmers more control over decisions and actions. On 

the other hand, new technology interventions can also 

create new limits and constraints within the social and 

ecological systems [22, 28].  

Fourth, technology changes the scale of 

interactions between people and the environment in 

terms of time and space [22]. Through technology, 

human impact on the planet has increased in scope, 

intensified, accelerated and been extended in time and 

space at all levels [22]. In agriculture, technology has 

opened the possibility of genetically modifying 

species in order to create crops that are more resilient 

or climate-appropriate [29], local farm markets have 

been replaced with large grocers  [30] and mobile 

applications allow people to avoid the physical 

experience of buying food altogether [31].   

From this discussion, we observe that social, 

technical, and ecological concerns are increasingly 

intertwined. Adopting the STES perspective means 

rethinking how and why we frame research problems 

in a certain way, what questions are asked, what 

objects are studied, and what methodologies are 

applied [22]. From the start, researchers must give 

equal attention to the three dimensions – people, 

technology, and the natural environment – with the 

understanding that they operate as an inter-related 

network of systems with dynamic and emergent 

qualities [22]. Research also needs to explore how 

technology shapes the human-nature relationship and 

the resulting consequences not only on nature, but also 

on people and technology [22]. Finally, research 

should also seek to identify strategic interventions and 

solutions that incorporate the values of reciprocity and 

well-being for human and planetary systems [22]. We 

attempt to respond to these requirements as we explore 

the greenhouse grower’s experiences with sustainable 

energy management solutions. 

 

2.3. Greenhouse energy management 

 
Climate change, declining water availability, and 

erratic weather patterns are evoking the need to grow 

food under controlled environments. Greenhouse 

farming is one such strategy.  Greenhouse farming 

produces agricultural products in self-sufficient 

"controlled environments" with systems supplying 

heat, water, and nutrients, and often employing 

artificial lighting (in addition to sunlight) to nourish 

the plants [2]. The controlled environment of 

greenhouses allows crop production in harsh climates 

and extends cultivation seasons for seasonal crops [3]. 

Controlled environment agriculture (CEA) increases 

yield, reduces transportation distances, decreases 

water and land consumption, and reduces the need for 

pesticides. However, CEA requires careful regulation 

of temperatures, humidity, light, and water use for 

maintaining an ideal environment for crop growth. 

Hence, greenhouses are energy intensive, with energy 

cost being the biggest cost after labor cost [5]. With 

increasing energy costs and a push toward cleaner 

energy,  the greenhouse industry requires innovative 

solutions to lower costs, increase efficiency, and 

improve productivity [2] and sustainability. 

Energy management is a critical aspects of 

greenhouse farming and involves the proper control 

and management of temperature, humidity, CO2 

levels, and illumination [3]. However, due to the 

dynamic and non-linear nature of the greenhouse 

environment, the proper control of these parameters is 

a complicated process. To help growers with real-time 

monitoring and decision-making regarding the 

environmental conditions within the greenhouse, 

advanced techniques such as wireless sensor networks 

and control algorithms have been introduced into 

greenhouse systems [32]. Although these IS 

approaches have shown promising results, issues 

related to sensor inaccuracy due to spatial limitations, 
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adverse environmental conditions [33], sensor drifts 

[34], and data security pose a threat to their adoption. 

Apart from technological limitations, high costs and 

the upfront investment needed for implementing 

advanced energy management solutions also hinder 

their adoption [28]. To develop high impact solutions 

that overcome these hurdles, system designers require 

a comprehensive understanding of the grower’s 

experiences and the social, technical, and ecological 

considerations that come into play.  

3. Methodology 

3.1. Data collection 

 
We collected data through semi-structured 

interviews. We identified potential participants using 

online directories of greenhouses and invited 

professional greenhouse growers, vendors, and 

greenhouse associations within Canada to participate. 

Nine participants were interviewed between June and 

October 2020: five greenhouse growers, two 

greenhouse solution providers, and two 

representatives from industry associations. The 

interview protocol was designed to capture key 

elements of the grower experience with energy 

management solutions. It contained questions related 

to the problems growers face at their workplace, their 

opinions about energy management, their motivations, 

experiences, and future endeavors for sustainable 

energy management within greenhouses. From the 

base protocol, questions were tailored according to 

participant's specific role. The interviews were 

conducted in English using web conference tools and 

ranged from 35 to 70 minutes. All interviews were 

recorded and transcribed verbatim. We conducted 

473 minutes of formal interviews, resulting in 163 

pages of single‐spaced transcripts. We also received 

clarifying information from participants via email. 

 

3.2. Data analysis 

 
We undertook two main cycles of qualitative data 

analysis using NVivo to store and organize the data 

and analytic results. The first cycle involved 

descriptive coding to attach labels to chunks of data  

[35]. Three main sets of coding were done: two 

inspired from DT and one from STES. We developed 

a coding guide based on the principles of the empathy 

stage of DT to capture greenhouse and grower 

characteristics (see Table 1). Each author separately 

coded two interviews followed by a discussion among 

the authors to reach a consensus on the coding and 

coding guide. The remaining interviews were coded 

by the second author and a research assistant. 

Disagreements in coding were discussed until mutual 

agreement was reached. Next, the second author coded 

the data according to the main phases of activities that 

comprise the journey of a greenhouse grower: 

awareness and information gathering, decision-

making, implementation, and post implementation 

use. Third, the first author coded the data to identify 

data chunks related to STES. The technical component 

was split between physical technologies and 

information technologies as indicated in Table 1. 

Following first level coding, we performed sub-coding 

to identify common themes. The coding for activities 

and STES dimensions was subsequently reviewed by 

the other author who did not do the initial coding.  

   

Table 1. First cycle coding structure 

Category 1st level codes 

Greenhouse 

characteristics 

Business activities, greenhouse 

classification, energy management 

solutions and strategies 

User/actor 

characteristics 

Emotions [36], persona [37] 

User/actor 

focus 

Influence [38], obstacles or pain 

points [39], expectations [40], 

objectives [41] 

User/actor 

perspective 

Experience [41], reflection [42], 

opinion[40] 

Activities Awareness and information 

gathering, decision-making, 

implementation, post-

implementation [43] 

STES 

dimensions 

Social, physical technology, 

information technology, 

ecological [22] 

 

The second cycle of analysis involved creating 

matrices to display and interpret the data [35]. We used 

the coded data to construct detailed journey maps. 

Although our focus is on grower experiences, we 

developed journey maps for growers, solution 

providers, and associations. By considering the 

experiences of the two other actors, we gained insights 

into interactions and influence, leading to a fuller 

understanding of the grower's journey. The journey 

maps were developed by the second author and were 

refined in discussions between the two authors until 

there was agreement that they accurately represented 

the data. Once we were satisfied with our 

understanding of the grower's journey, we used matrix 

reports to identify at which point the STES dimensions 

entered the grower’s experience. We rated the 

relevance of these dimensions as high, moderate, and 

low (represented as full or semi circles in Figure 1).  
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4. Results  

4.1. Greenhouse energy management solutions 

 
Consistent with the literature, our findings 

confirm that sustainable energy management is an 

important preoccupation for greenhouse growers. 

However, we observe that its importance is driven 

more by economic considerations than ecological 

ones, as illustrated by one participant’s comment:   

In terms of energy management, it's very, very 

key. Greenhouses are in the enclosed production 

system, so they have a chance to manage the 

interior environment for the crop very 

closely. Energy represents [a] really huge amount 

of the input costs for greenhouse growers. 

Practicing CEA allows growers more 

opportunities to control otherwise uncontrollable 

factors, such as temperature, air quality, soil quality, 

and irrigation. Paradoxically, this also puts more 

pressure on growers to monitor and manage these 

different parameters to achieve optimal production 

conditions and outcomes. 

Our findings also show that growers confront 

diverse social, technical, and ecological concerns 

before, during, and after implementing energy 

management solutions, as summarized in Table 2. 

 

Table 2. STES concerns identified in study 

 

1st level code STES concerns 

Ecological Carbon footprint, temperature, 

water, climate and outside 

weather, greenhouse air quality, 

plant health and energy, light, 

chemical use  

Information 

technology 

Artificial intelligence, automation, 

data and analytics, environmental 

controls, internet connectivity, 

sensors and internet of things, 

systems integration 

Physical 

technology 

Cogeneration, energy efficiency 

and conservation, energy storage, 

environmental controls, renewable 

energy, robots, and automation 

Social Lack of knowledge (energy 

management, IS, plant energy), 

inter-organizational collaboration, 

internal collaboration, market, and 

regulatory structures  

 

Within greenhouses, energy management 

solutions include both physical technologies and 

combined cyberphysical systems. Environmental 

control systems for managing temperature, humidity, 

irrigation, soil and light are common. While the 

previous generation of technologies was mostly 

mechanical, the next generation environmental control 

systems are becoming ‘smarter’ by leveraging the 

internet of things, data analytics, and AI, as described 

by one grower:  

It [the system] does light requirements, manages 

our irrigation systems and manages our shake 

curtain systems. It manages our airflow. It 

manages our heating. We call it an environmental 

control system, it basically controls all the 

greenhouse mechanisms that allow you to grow a 

plant.  Before it just did the basics. It did open up 

the vents when you needed them opened. [It] 

increased the temperature when you need it 

increased, but it didn't record anything. It wasn't 

smart. It just did what you told it to do. And now, 

the new system is [smarter], there's more machine 

learning. They have an AI component and a lot 

more data management and data analysis. 

The four most discussed energy management 

solutions after environmental control systems were 

renewable energy generation (e.g., solar, biomass), 

cogeneration systems, energy efficiency and 

conservation initiatives (e.g., efficient lighting), and 

energy storage through thermal water storage and 

batteries. The adoption of these technologies depends 

on the specific requirements of the greenhouse.  

 

4.2. Grower journey map 
 

Figure 1 shows the journey map for a typical 

grower and Table 3 summarizes the objectives, 

influences, and obstacles at each stage.  

The journey toward sustainable energy 

management solutions starts with gaining awareness 

and gathering information about energy 

management solutions and strategies. Growers hear 

about different solutions in the press and trade media, 

through their professional networks, and by attending 

conferences and workshops. During this stage, 

growers gain confidence in buying a solution, as one 

participant explained:   

If I could read about them [energy management 

solutions] and make my own evaluation whether 

it works in [my region], then I would always be 

interested in looking at it. 

Solution providers and consultants are important 

influences during this stage as they offer information 

about available solutions and help growers explore the 

options. Greenhouse consultants, in particular, are 

viewed as reliable sources when the growers need 

information about solutions that are appropriate for 
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their specific greenhouse conditions and crop 

requirements. 

 

 

 

Note: Extent of STES concerns identified in each stage are 

represented by full (high) or semi (moderate) circles. The 

absence of a circle by stage means the STES was not 

observed in the data for that stage. Blue = social system, 

red = information technology system, grey = physical 

technology system, green = ecological system. 

 

Figure 1. Grower Journey Map 

 

As shown by the colored circles in Figure 1, 

social, technical, and ecological considerations did not 

appear equally during the four stages of the grower 

journey. During the awareness and information 

gathering stage, questions regarding the physical 

technologies take center stage as growers gain 

exposure to and learn about different energy 

management solutions, in particular energy efficiency 

and environmental controls. One solution provider 

spoke of providing growers with a more holistic view 

of energy management: 

When you talk about energy management, some 

people think its conservation. Then some people 

talk about being supply management or 

procurement, but they never dovetail them 

together. When we do energy management with 

customers, it's the combination of both, not in 

isolation with each other.  

To a lesser extent, growers also explore different 

IS that accompany environmental control systems and 

the potential for new data streams. Ecological 

concerns at this stage relate to traditional issues, such 

as control over CO2 levels, temperature, and irrigation 

controls. Social concerns relate to the need for internal 

collaboration and collaboration with third parties 

including solution providers, consultants, 

associations, and utilities. 

In the next stage, the grower makes a decision on 

purchasing a specific solution. We observed very little 

discussion of STES considerations in this stage as the 

decision is driven primarily by economics.  Solution 

providers and consultants help the growers evaluate 

the solutions on different criteria of solution fit, cost, 

benefits, incentives, and long-term goals. One solution 

provider explained their role this way:  

From our side, on energy management we have 

to sell that solution is that…this heat recovery 

unit could save you and you do the calculations, 

you know 20%. 

The competitive business environment and thin 

margins for greenhouses mean that a solid financial 

return is required for a solution to be adopted. 

The third stage is implementation of the solution. 

Here, the involvement of solution providers is key for 

installation and technological guidance. In many 

respects this phase is similar to other equipment and 

IS projects, however, the grower may also engage 

greenhouse consultants to provide guidance on plant 

science and systems, as explained below: 

He [crop specialist] would be giving me advice, 

on whether that's a good idea or not. Sometimes 

he says ‘no that's not gonna work. Or yes, if you 

do it this way.’ It's always in cooperation with 

him’. 

During this stage, concerns regarding all four 

STES are evident. Ecological concerns cover a wide 

variety of topics from the environmental conditions 

within the greenhouse (temperature, air quality, 

irrigation systems, lighting) as well as plant health and 

CO2 emissions. While CO2 is recognized as an 

important factor for plant growth, most of the energy 

efficiency solutions, such as computer climate control 

systems and solar, concentrate on controlling heat and 

CO2 rather than generation. Such an approach requires 

careful consideration because the interactions between 

ecological and technical systems are crucial for the 

efficacy of a solution: 
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The main thing to remember is that need for 

plants to have the heat and the CO2 at the same 

time. So solar energy by itself doesn't provide that 

CO2 and there's still that need and so purchasing 

CO2 comes at another cost.   

Despite the importance of ecological concerns to 

the successful implementation of energy management 

solutions, they seem to take a backseat to the technical 

systems. Few of the energy management solutions 

implemented today are pure physical technologies. 

Rather, they are cyberphysical systems that include 

both physical and information technology. This 

technological advancement creates additional 

challenges for systems integration, as a participant 

highlighted a key pain point:  

Having those systems communicate with legacy 

systems. In order for these new systems to work 

properly it's almost like we had to upgrade and 

find better systems for other aspects of our 

company because our other stuff is just too old, 

obsolete almost, in terms of how they can interact 

with the new energy conservation systems. I 

would say that is a pretty big pain point. 

 

Table 2 Grower focus by journey stage 

 

Grower 

Focus 

Awareness and 

information gathering 

Decision Implementation Post-implementation 

Objectives Gain knowledge about 

energy management and 

solutions  

Select a solution Achieve successful 

implementation 

Realize benefits of 

system 

Influence Vendors and consultants 

conduct workshops and 

conferences, discussions 

with other growers 

Vendors and 

consultants assist 

with evaluation of 

specific solution  

Vendors provide 

installations and 

manuals 

Discussions with other 

growers   

Obstacles Lack of awareness and 

knowledge of energy 

management 

  

   

Lack of relevant 

information 

 Upfront cost, 

retrofitting old 

infrastructure, lack of 

competent staff 

Technical 

noncompliance, lack of 

competency, harsh 

climate, lack of 

knowledge about plant 

systems  

 
 In addition, new solutions often come with data 

collection and software tools for monitoring and real-

time management such that growers experience new 

pressures within the social system, specifically around 

the lack of knowledge within greenhouse 

organizations:  

Our Cogen unit comes with the system and 

backend and a lot of software that is connected to 

a lot of our other systems but it's highly 

complicated and we don't have anyone internally 

who has the necessary experience or knowledge 

to run that systems. 

Due to this challenge, growers have a continued need 

to collaborate both internally and externally with 

solution providers and other experts.  

The final stage is post-implementation, during 

which growers use the new energy management 

solution. They may seek additional training and 

technical support and put their experiences into 

practice. The grower begins to realize the benefits of 

the implemented solution, but also discovers its 

limitations. During this stage, attention to the physical 

technologies subsides as solutions such as lighting, 

heating and ventilation and solar power generation 

tend to be stable with routine maintenance. However, 

IT concerns continue to be prominent. The following 

quote illustrates how external collaboration can help 

greenhouses to maintain their systems and take 

advantage of the data to inform different parts of the 

business:  

Every aspect of the system gets some kind of 

maintenance whether it be a physical cleaning or 

a backup [of] data.  Other than that, there's just 

monitoring everything with the system 

communicating with our outside people... their 

main job is just to keep the system running 

smoothly to gather as much data as they can and 

to disseminate that data to people that would be 

interested in that information. 

In some cases, greenhouses hire additional staff to 

fill knowledge gaps and manage the systems:  

We had to hire someone who really pretty much 

only deals with our environmental controls and 

energy conservation. They make sure that the 

systems are working together, [collecting] as 

much data as possible, and making small 

improvements based on the historical data what 

are we doing well, where can we improve. And 
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that's almost their full-time job and they work [in] 

close conjunction with our growers. 

Through these collaborations and with use 

growers acquire new knowledge of the physical and 

information systems as well as ecological systems. 

They are then able to identify limitations and training 

gaps. Growers’ post-implementation experiences 

trigger feedback loops as they share their stories and 

questions with others in their professional networks 

and seek to improve energy management practices. 

Overall, our study suggests greenhouses realize 

notable business and environmental benefits from 

implementing energy management solutions. 

However, the introduction of these solutions can have 

serious negative consequences when ecological 

systems are not taken into account. One grower 

recounted the following experience:  

I installed the LED lights and they were so 

different that within a week of turning them on, 

[I] actually had to turn them off because there was 

so much light and we hadn't made any other 

changes as far as water frequency, temperatures, 

all these kinds of things. Everything else is still the 

same that the plants are actually dying. We lost 

quite a few cuttings in the first week, so I decided 

just to turn them off, and then just to regroup. So 

that was a bit of a challenge, but that with the help 

of [consultant and system] capabilities and 

settings, I was able to manage that quite quickly 

and they were only off for about a week 

and now we're in good shape.  

5. Discussion and implications   

In this research, we set out to explore the 

greenhouse grower’s experience in adopting and using 

energy management solutions and how dimensions of 

the social, technical, and ecological systems come into 

play during this experience. Adopting a novel research 

approach by combining DT and the STES perspective 

provides a new way of conceiving the problem faced 

by growers. We learn that sustainable energy 

management in the greenhouse sector is not simply a 

technological or even sociotechnical undertaking, but 

rather it is a complex, non-linear, and dynamic socio-

technical-ecological systems challenge.  

In our discussions with growers and other 

stakeholders, we discovered that the concept of energy 

within this context is much broader than electricity to 

power equipment or fuel for vehicles. To grow, plants 

require energy derived from heat and light, which in 

turn may be generated from other sources, such as 

electricity. This creates a symbiotic relationship 

between the different systems. As one participant 

explained to us, a “plant is basically [an] energy 

management tool.” For IS researchers, this statement 

should prompt us to reflect on our underlying 

assumptions of green IS and technology more broadly.  

A second finding worthy of further reflection is 

the disparity across different STES dimensions during 

the four stages of the grower journey. As illustrated in 

Figure 1, considerations of the social, technical, and 

ecological systems are concealed by financial criteria 

during the decision phase. We wonder how the design 

and implementation of these solutions would differ if 

environmental metrics were used as part of the 

decision-making process. In the three other stages, 

social and ecological systems concerns, while present, 

were secondary to the technical systems. This result is 

notable on two fronts. First, with regard to social 

systems, knowledge and collaboration are areas of 

expertise within the IS community which could be 

brought to bear on the transition toward sustainable 

energy. Second, given the research context, we would 

have expected more discussion of ecological systems. 

A possible explanation for this difference may be that 

technical considerations are more novel and thus more 

salient to growers, whereas prior experience with 

environmental control systems mean that ecological 

concerns were taken for granted. As designers and 

researchers of IS solutions in agricultural contexts, we 

need to acknowledge our lack of domain expertise in 

ecological systems,  develop meaningful 

transdisciplinary collaborations, and provide greater 

environmental education within the IS curriculum [9]. 

Finally, by considering both the physical and 

informational nature of energy management solutions, 

this research provides new insights into emerging 

cyberphysical solutions, which characterize Industry 

4.0. From the grower journey map, we observe that 

during the early stages of awareness and information 

gathering, more attention is given to the physical 

technologies – energy efficient lighting, cogeneration 

systems, and renewable energies. These physical 

systems are complex and often come with significant 

upfront investment. This may help to explain the early 

focus. While the information potential of these 

systems is identified during the awareness stage, the 

potential benefits and challenges become much more 

tangible during the implementation and post-

implementation stages. Greenhouses face common IT 

issues of systems integration, technical support, and 

data analytics capabilities. The greater the 

opportunity, it seems, the greater the challenge. As the 

movement toward Industry 4.0 gains momentum, the 

IS community will need to remain attentive to the 

mutual interactions and influences between the 

physical and information technology systems.    
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6. Conclusion  

Through this work, we make two main 

contributions to the literature. The first contribution is 

methodological. Although DT is beginning to be used 

in practice, its application in research is still limited 

[44]. Inspired by other research [13], we use the 

empathy phase of DT and journey maps as an 

analytical approach to structuring and making sense of 

qualitative data. In addition, we overlay the STES 

perspective [22] to enrich this analysis. This research 

can thus serve as an example for other researchers. 

 Our second contribution is to the green IS 

literature. At the broadest level, green IS research asks 

how IS can contribute to environmental sustainability. 

In this research, we tackle that question from the 

intersection of sustainable agriculture and sustainable 

energy management. Both food production and clean 

energy are important priorities within the United 

Nations’ Sustainable Development Goals. However, 

these two domains are not independent of each other. 

Food production systems and energy production 

systems are each in themselves highly complex and 

become even more so when intertwined. The IS 

community has been called to build concrete solutions 

for sustainability [8, 9]. The ability to build effective 

innovative solutions begins with a comprehensive 

understanding of the problem, and understanding that 

is not constrained by traditional approaches to problem 

definition and solution development [6]. Thus, our 

research, which provides a novel way of conceiving 

the problem space, offers a step forward for novel 

solution development.  

Prior to concluding, we must acknowledge some 

limitations of this research. Our findings are based on 

a relatively small sample size with participants located 

solely in Canada. Thus, although we believe there is 

some generalizability, we cannot not claim that the 

results apply to all the different types of CEA or to 

greenhouses in other regions that may have different 

climatic, social, and technological conditions. In 

addition, our findings regarding the social and 

ecological systems may have been affected by the 

design of our interview protocol. During our 

questioning, we did not specifically probe for concerns 

in these areas. We did, however, ask open-ended 

questions about opportunities and challenges. True to 

the idea of empathy, we tried to allow participants to 

speak freely about their experiences and to reflect on 

those which were most salient to them. Additional 

research and case studies in other settings would help 

refine and validate the results of the study and we 

invite other researchers to build on our work to explore 

these questions and to integrate the STES perspective 

to enhance their own work.  
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