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University of Southern Denmark, for combining the Industry 4.0 technologies (IoT, Al, Big Data, cloud computing, and
gampuszeJ 55, DK-5230 Odense M, Digital Twins) as integrated parts of the greenhouse production systems. The
ijfrofauthor information is integration provides a new disruptive approach for vertical integration and

available at the end of the article optimization of the greenhouse production processes to improve energy efficiency,
production throughput, and productivity without compromising product quality or
sustainability. Applying the Industry 4.0 Digital Twin concept to the Danish
horticulture greenhouse industry provides digital models for simulating and
evaluating the physical greenhouse facility’s performance. A Digital Twin combines
modeling, Al, and Big Data analytics with loT and traditional sensor data from the
production and cloud-based enterprise data to predict how the physical twin will
perform under varying operational conditions. The Digital Twins support the co-
optimization of the production schedule, energy consumption, and labor cost by
considering influential factors, including production deadlines, quality grading,
heating, artificial lighting, energy prices (gas and electricity), and weather forecasts.
The ecosystem of digital twins extends the state-of-the-art by adopting a scalable
distributed approach of “system of systems” that interconnects Digital Twins in a
production facility. A collection of specialized Digital Twins are linked together to
describe and simulate all aspects of the production chain, such as overall production
capacity, energy consumption, delivery dates, and supply processes. The contribution
of this project is to develop an ecosystem of digital twins that collectively capture
the behavior of an industrial greenhouse facility. The ecosystem will enable the
industrial greenhouse facilities to become increasingly active participants in the
electricity grid.

Keywords: Greenhouse, Industry 4.0, Digital twin, Energy flexibility, Artificial
intelligence

Introduction
As the world has seen an increasing penetration of intermittent renewable energy
sources to combat global warming, there has been a call for solutions that can support
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the electricity grid’s balancing. The energy system has traditionally followed the con-
sumers’ demand by regulating the power plants’ operation (Qingnan Li and Jergensen
2016). However, as intermittent renewable energy sources are being introduced into
the energy system while phasing out large coal-fired power plants, there is a need for
active market players that can adjust their consumption based on market conditions
(Mlecnik et al. 2019). A solution that aids in grid stability is demand response, in which
the participants adjust their consumption based on price signals or market conditions
(Ma et al. 2017a). Based on their consumption and adjustment speed, the consumers
can act in various parts of the market based on the met conditions. The greenhouse in-
dustry has been identified as a consumer group with significant potential for delivering
demand response as they have high electricity consumption and already installed en-
ergy management systems and should be prioritized (Miiller and Most 2018; Ma and
Jorgensen 2018). However, industries have in general expressed concerns about flexible
energy consumption implications on their products’ production and quality (Haeri
et al. 2018).

Based on the previous work presented in (Markvart et al. 2008; Serensen et al. 2016),
a national project called the Greenhouse Industry 4.0 (GHI4.0), funded by the Danish
Energy Technology Development and Demonstration Program (EUDP Project no
64019-0018) with a project period of 2019 to 2022., aims to make the Danish horticul-
tural greenhouse industry production energy-efficient and environmentally sustainable.
GHI4.0 will enable energy-aware and sustainable production by adapting and combin-
ing the Industry 4.0 (I4.0) principal technologies; Internet of Things (IoT), Artificial
Intelligence (AI), Big Data, cloud computing, and Digital Twins (DT) as integrated
parts of their production systems. Similar to other energy and labor-intensive industries
that compete with low-cost regions, such as cement production (Ma et al. 2017b), the
Danish horticultural greenhouse industry must continuously improve energy efficiency
and production throughput, and productivity without compromising product quality or
sustainability to stay competitive. The research presents a new disruptive approach for
vertically integrating and optimizing the greenhouse production processes. Using DT
technology, the Danish horticultural greenhouse industry will become increasingly
competitive. Thereby securing their position against low-cost production regions glo-
bally, which are currently gaining access to the multi-billion global market for horticul-
tural products. Furthermore, GHI4.0 will present a case study for assessing demand
response potential while considering implications on the entire production chain.
Hence, the project presents a novel way of considering demand response flexibility po-
tential in terms of risk to production, aligned with the facility risk willingness. GHI4.0
will, in turn, enable the greenhouse facilities to become integrated consumers on the
electricity grid that support the operation and stability of the future electricity grid
(Clausen et al. 2015a; Christensen et al. 2020a).

Based on the 14.0 enabled DT concept, the Danish horticulture greenhouse industry
will be equipped with digital models to simulate and evaluate the physical greenhouse
facility’s performance and production processes. A DT combines modeling, Al, and Big
Data analytics with IoT supported by traditional production-based sensor data and
cloud-based enterprise data as a foundation for predicting the physical twin behavior
subjected to different operational conditions. Deploying the DT concept enables the
greenhouse facility to co-optimize its production schedule, energy consumption, and
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labor cost accounting for influential factors, including production deadlines, quality
grading, heating, artificial lighting, energy prices (gas and electricity), and weather
forecasts.

The presented GHI4.0 research project will result in a DT software platform de-
ployed and demonstrated at the participating greenhouse growers. The software plat-
form will be made available, nationally and internationally, for greenhouse growers on
commercial terms. Furthermore, the project will develop a framework that can be used
autonomously of production system for developing DTs that will further enhance in-
dustrial participation in the energy system.

Background

GHI4.0 builds on Industry 4.0 concepts that are the key enabling technologies for the
project. 14.0 is the fourth industrial revolution, which is characterized by the full auto-
mation and digitization of processes as well as the use of electronics and information
technologies (IT) in manufacturing and services (Roblek et al. 2016). 14.0 aims to com-
bine the real and virtual space to achieve maximum efficiency and autonomy in pro-
duction processes and industries through cyber-physical systems (Huang et al. 2017). It
encompasses digitalization technologies such as the IoT, cyber-physical systems (CPS),
AlJ, and Information and Communication Technologies (ICT). The use of digitalization
technologies enabled virtual product and process planning. There is a need for detailed
real-time data covering products and processes to be cost-effective for improving com-
panies’ productivity and energy security (Seow et al. 2013). [4.0 entails large amounts of
processed, analyzed, and evaluated data by simulation and optimization tools (Rosen
et al. 2015). One of these simulation-based planning and optimization concepts with
great potential in many industrial fields is the DT (Tao et al. 2018).

A DT is established as a critical enabler for digital transformation. It is used to repre-
sent the complete digital footprints (states) of existing systems and allow, e.g., business
managers to understand and assess the consequences and benefits before making deci-
sions hence mitigating any risks (AnyLogic 2017). Due to different nature and varying
integration levels of DT concepts, the set of technologies needed for the implementa-
tion differs significantly. Often referred technologies include simulation/modeling
methods, communication protocols, and other 14.0 technologies (IoT, Cloud Comput-
ing, Big Data, etc.) (Kritzinger et al. 2018).

DTs have started seeing the more effective implementation in recent years for aiding
companies in optimizing parts of their production. However, as an increasing number
of DTs are developed in industries, and multiple DTs may be developed within a single
company to represent several processes, a standardized DT interaction process will be
required. The interaction will be necessary for future DT ecosystems as one DT’s be-
havior may influence or propagate into another DT. Therefore, GHI4.0 will develop a
standardized approach for connecting multiple DTs into a DT ecosystem that collect-
ively constitutes the facility operation.

State-of-art

Currently, the state-of-the-art for DTs used in the manufacturing industry is limited to
specific subprocesses modeled with highly specialized models. DTs of greenhouse pro-
duction flows can provide an opportunity for simulating and optimizing the production
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system, including its logistical aspects. It enables detailed visualization of the produc-
tion process from single components to the whole assembly (Kritzinger et al. 2018).
The three main disciplines of production systems simulated in a DT are production
planning and control (Rosen et al. 2015), maintenance (D’Addona et al. 2017), and lay-
out planning (Uhlemann et al. 2017). Various simulation methods are applied for the
production flow simulation, e.g., discrete event simulation and continuous simulation.
However, singlehandedly, one approach is not advanced enough to represent a DTs
complexity and dynamics. Multi-agent systems (MAS) simulation is a solution for gov-
erning complex and dynamic systems with many potential conflicting requirements
(Ma et al. 2019). MAS simulation can solve difficult or computationally intractable
problems; MAS can include intelligent methodic, functional, procedural approaches, al-
gorithmic search, or reinforcement learning. MAS simulation is widely used in the
simulation of manufacturing and business processes, and therefore well suited for simu-
lating greenhouse production flows (Christensen et al. 2020b; Ma et al. 2020; Howard
et al. 2021). Based on a detailed comparison of 20 simulation software products, this re-
search project decided to use the commercial software package AnyLogic. AnyLogic is
a multi-method general-purpose simulation tool that has been applied in various do-
mains, including the simulation of physical energy systems, e.g., electricity production
(Herrmann et al. 2011; Morvaj et al. 2011).

Intelligent use of greenhouse technology has been demonstrated in prototypes of
automatic climate control systems (software and hardware) based on mathematical
models of greenhouse technology, greenhouse climate, and crop physiology. Further-
more, recent advances in dynamic models for the utilization of supplemental artificial
lighting based on weather forecasts and energy prices, which balance the electricity use
with the state of the electricity grid, adds to the complexity (Serensen et al. 2016; Kjaer
et al. 2012; Clausen et al. 2015b). Several planning tools have been developed to provide
growers with decision support for optimizing greenhouse climate control and managing
production (Fisher and Heins 1996; Frantz et al. 2010; Korner et al. 2008; Vanthoor
2011; Kjaer et al. 2011). For instance, the first Danish commercial approach of an on-
line decision support system, InfoGrow, developed by Agrotech (Korner and Hansen
2012) and currently upgraded in the ItGrows 2.0 (Kjaer et al. 2018), is a model-based
decision support system for greenhouse energy management. Another software called
DynaLight, developed by the University of Southern Denmark uses multi-objective
optimization for energy cost-efficient artificial lighting control. The dynamic climate
control in InfoGrow and the system DynaLight is based on predictive modeling and
optimization (Serensen et al. 2019). Control systems relying on models for predictions
are often referred to as Model Predictive Control (MPC). MPC uses digital models of
physical systems and optimization methods and predictions regarding future conditions
(e.g., climatic) to find the most optimal control strategy. Such models can be developed
based on technical documentation, reducing the dependence on actual measurements.

Energy is one important part of greenhouse production. Digital and numerical model-
ing is a well-established technology in energy systems, and its incorporation into an
14.0 framework is considered a medium complexity task due to its maturity (Frank
et al. 2019). The models are physics-based or use a mix of physics- and data-driven ap-
proaches. Sensor data is used to calibrate the models, whereas the models optimize en-
ergy systems’ operation (Frank et al. 2019). The recent trend in energy systems
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modeling uses gray-box models, including the modeled process’s fundamental physical
relationship but still relies on sensor data for calibration (Afroz et al. 2018). Often it is
argued that gray-box modeling provides the most attractive balance between accuracy,
computational speed, and scalability (Arendt et al. 2018a). Furthermore, the gray-box
approach is widely used in MPC, especially for indoor climate control (Blum et al.
2019). Gray-box modeling requires a suitable parameter estimation technique. Typic-
ally, a global optimization method is required because even in simple models, the par-
ameter estimation is a non-convex problem. However, further fine-tuning of the
parameters using gradient-based methods is advised (Arendt et al. 2018b).

Currently, the greenhouse production is not combined with 14.0 standards and does not
benefit from the production flow’s combined optimization. The varying 14.0 technologies
(IoT, Al Big Data, cloud computing, and DTs) serve different purposes in 14.0. Industrial
standards do not integrate current greenhouse production approaches, and the combination
of different DTs is missing. To ensure communication between the developed DTs, a sys-
tem must share state- and operational data (Howard et al. 2020). Using a common informa-
tion model (CIM) creates common abstractions of domain entities and their relationships.
Such CIM also presents the abstractions of information that the DTs can exchange. The
specification of communication protocols is included to enable information exchange in
software applications (Kritzinger et al. 2018). CIM has been adopted in the field of electricity
transmission and distribution. It describes ontology, terminology, and relations between en-
tities in the power grid to allow software applications in this context to exchange informa-
tion. CIM has been standardized through the IEC 61970/61968 standards and extended
into the domain of energy market communications in IEC 62325. CIM enables communica-
tion across several heterogeneous applications, including SCADA systems, planning, and
optimization systems in the domains of electricity transmission, distribution, and market.

During the last 20 years, several projects have focused on different aspects of energy
optimization in the greenhouse production system. Either the focus has been on imple-
menting new technologies, e.g., infrastructures (glass and screen types), light-emitting
diodes, or other types of equipment. Previous projects have focused on developing vari-
ous IT and decision support systems for improved climate control, which balances the
optimal plant photosynthesis and growth (or transpiration) with energy usage and cost
(Rytter et al. 2012).

However, there is a lack of relationship between morphological plant development
and the optimization of energy use. The greenhouse facilities currently operate energy
optimization, product flow, and artificial climate as three separate systems. In practice,
these systems in greenhouse productions are undoubtedly linked.

To fill this gap, the GHI4.0 project is the first research project that aims to create an
ecosystem of DTs that operate based on the 14.0 enabling technologies. Thereby utiliz-
ing the greenhouse IoT devices, big data, and artificial intelligence for sustainable effi-
cient, and high-quality greenhouse production and business. A holistic approach that
takes the three objectives (production, energy, and climate) into consideration and opti-
mized by integrating the three DTs. Meanwhile, the integrated DT can facilitate various
what-if investigations, e.g., energy flexibility with electricity market participation and
distributed energy resources. Furthermore, the developed DT allows growers to test
their strategies, such as balancing between potential savings and risk, participantion in
the energy flexibility markets.
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Project aim and objectives

GHI4.0 aims to improve the Danish greenhouses’ energy efficiency and productivity by
implementing 14.0 technologies. GHI4.0 will demonstrate the application of the 14.0
DT concept for modeling and simulating the physical greenhouse facility, including the
production processes and flow, which can support greenhouse growers in decision-
making that seeks to optimize production throughput and energy use. By implementing
I14.0 in the horticultural greenhouse, the industry will benefit from improved productiv-
ity and energy cost-efficiency while supporting the UN global goals for affordable and
clean energy (SDG 7), together with Industry, Innovation, and Infrastructure (SDG 9).
The 14.0 DT concept application will introduce and combine mathematical models and
simulation, Al, IoT sensors, cloud computing, and Big Data analytics to the Danish
horticulture greenhouse industry.

The primary purpose of the GHI4.0 project is to:

1) Combine Industry 4.0 and Al technologies to build a DT ecosystem that supports
deployment of research results to promote sustainable greenhouse production,

2) Investigate the energy and production effects of deploying 14.0 and DT
technologies in greenhouse production.

The following research objectives are designed to reach the project goal:

e Develop three DTs covering the greenhouse climate compartments, production
flow, and energy system.

e Establish a Common Information Model that serves as a single horizontal
integration point for new software.

e Test the DTs at the three participating greenhouse facilities and report the

observed effects.

The unique, innovative approach and functionality of the GHI4.0 project is to enable
Danish greenhouse growers to become sustainable and flexible users of the energy grids
(electricity, district heating, gas). Furthermore, the project also aims to show both the
possibilities and the challenges in including complex energy demanding and energy-
producing industry with high flexibility on the smart grid. Based on the proof-of-
concept in participating greenhouses, the case will advance the Danish greenhouse in-
dustry and lead the way for other industries and businesses to take advantage of the

knowledge and technology developed in the project.

Project methodology

The overall project system can be seen in Fig. 1. As seen from Fig. 1, a DT is developed
for each of the three greenhouse sections: the climate compartment, energy system,
and production flow. All the DTs communicate through a developed CIM that ex-
changes information with a dashboard. The connection of multiple DTs within a single
facility provides a novel approach for a distributed DT system that collectively consti-
tutes the greenhouse facility’s behavior. The greenhouse growers can obtain an over-

view of the essential greenhouse parameters for decision-making from the dashboard.
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Digital twin of the greenhouse climate compartment

Several modeling approaches will be tested and evaluated using either an adaption of
Unisim models or the development of new zone models to investigate the DT modeling
hypothesis (Holst 2013). Requirements for zone modeling needs will be assessed and
supplemented with an investigation of modeling and parameter estimation method-
ology for efficient and robust model performance. The parameter optimization platform
ModestPy developed by SDU Center for Energy Informatics will be used for this inves-
tigation (Arendt et al. 2018b). The Modelica modeling framework will be used for zone
model and functional mockup unit generation (Schweiger et al. 2018). Methodologies
for integrating Unisim models and the additional models into InfoGrow will be evalu-
ated and tested using the functional mockup interface. The DT of the greenhouse cli-
mate compartments will assess zone modeling needs through parameter and data
identification. Based on the identification, a selection and validation of the estimation
algorithm will be performed.

Digital twin of the greenhouse production flow

The DT of the greenhouse production flow will rely on the initial development of a multi-
agent simulation model for greenhouse production flow. Through the Al simulation plat-
form AnyLogic, a generic multi-agent simulation model of the greenhouse production
flow that includes all production steps will be created. The multi-agent simulation model
will use inputs from the DT of the greenhouse climate compartment. The effects of chan-
ging production deadlines, quality assurance requirements, district heating demand, gas
and electricity prices, and weather forecasts will be simulated and analyzed using the de-
veloped multi-agent simulation model. Potentials of energy efficiency and demand re-
sponse participation will be investigated by simulating different production flow
optimization scenarios. Based on the simulation, the effects of co-optimizing will be inves-
tigated according to influential factors. The DT will simulate energy efficiency and de-

mand response potentials to discover potential bottlenecks in the production flow.

Digital twin of the greenhouse energy system
The greenhouse energy system’s DT will initially map and identify the generic green-

house energy system and specification of the actual case study. Following the
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identification, an interface for the CIM will be developed. Furthermore, based on the
initial mapping, the energy system model will be generic and adaptable for the specific
case study. The specific case study will be used for model parameter identification and
validation on case study data from the regular operation. A generic greenhouse produc-
tion facility’s energy system will be the basis of a mathematical model to be adapted to
specific cases. A generic model ensures the extendibility of the developed models. Fur-
thermore, the modeling framework will be modular, using, e.g., Modelica, for ease of
model adjustment and model integration in optimization algorithms through Func-
tional Mock-up Interface. Together with the CIM, the model will constitute a digital
representation of the current state of the energy system and have the capability to pre-
dict the demands and costs of future operation schedules. Modelica will be used as the
generic modeling tool for implementing the CHP models and states, including current
operation state, storage state, and CHP performance characteristics. The model will in-
clude outputs of power/heat production related to buy and sell prices from the grids
and demands from the production plant to enable optimal CHP control. Parameter
optimization will be used to estimate the sub-models involved in the CHP model and
DT, depending on the meter and sensor data availability. The energy system DT will
provide decision support for optimizing co-generation of heat and electricity based on
predicted greenhouse demand, weather, electricity and district heating energy prices.
Analysis and visualization of past and current plant efficiency and performance will be
used for plant diagnostics functionality based on a comparison of ideal and real process
performance indicators. Potential functionality for plant multi-objective optimal control
for either greenhouse production optimization or participation in demand response

event.

Common information model

To combine the DTs, a Common Information Model for the Greenhouse Industry
(CIMGI) will be developed as an extension of the CIM for electricity transportation
and distribution or as a separate entity based on CIM. Further, the definition of a com-
munication protocol that offers a manifestation of the communication described by re-
lations in the CIMGI is created to allow for an implementation in an OPC UA
compliant software component. The CIMGI will propose an approach for standardizing
information exchange between DTs in the 14.0 transformation of the greenhouse sector.
The CIM will use an OPC-UA server with a user interface for connecting new future
sensors and climate computers.

To combine the three developed DTs, the in-memory data grid Hazelcast has been
identified as a viable solution for providing horizontal integration through shared
topics. A horizontal integration approach using a dedicated communication subsystem
was deemed favorable as it allows communication across the DTs developed in differ-
ent subsystems, which can be efficiently removed or added. In Hazelcast, the DTs will
utilize a publish/subscribe messaging model for communication. The shared topics are
updated using message listeners with universally unique identifiers. Furthermore, the
DTs are integrated with relevant production data that are stored in a relational data-
base. Through SQL queries, the data relevant to the individual DTs is retrieved. The
established relational database also holds historical data, which allows for running
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historical production and examine potentials for optimization and learning strategies
that may be used for future production.

Project partners

The project is developed in collaboration with the following industrial partners: Danish
Technological Institute, University of Southern Denmark’s Center for Energy Informat-
ics, Aarhus University Department for Food and Agroecology, ornamental nursery
Hjortebjerg, ornamental nursery ByGrowers, ornamental nursery Knud Jepsen, Danish
Horticulture, NB Data, Senmatic, Danish Cleantech Hub, and Energy Denmark. Each
of the project partners contributes with their area-specific knowledge, which promotes
a cross-disciplinary research solution. All project partners are introduced below, to-
gether with their primary areas of responsibility (Table 1).

Project impacts

The project’s technical deliverables constitute five main parts: three DTs, a CIM sup-
ported by a communication protocol, and a web-based dashboard that collects the user
interfaces of all the DT into one single point of access for the greenhouse grower.

The project has focused on the Danish greenhouse industry. It can be divided into
two main parts production of plant material in Danish greenhouses and providing tech-
nology for the industry in Denmark and international export markets. The plant produ-
cing industry is dependent on its international competitiveness. Using new innovative
technology developed in the applied project will contribute significantly to enhancing
the Danish growers’ international readiness and competitiveness. Furthermore, the in-
novative tools are expected to attract young growers, thereby significantly impacting
employment and knowledge gain in the horticultural greenhouse industry. In

Table 1 GHI4.0 project partners contribution

Partner Expertise

Center for Energy Informatics, University  An interdisciplinary research, development, and innovation center
of Southern Denmark that focuses on applying information technology to facilitate a
sustainable energy system.

Department of Plant Technology, The Has many years of experience in plant technology via projects and

Danish Technological Institute research.

Department for Food and Agroecology, ~ The department for agroecology focuses on the interaction

Aarhus University between climate, soil, plants, animals, and people in agro-
ecosystems.

The Department of Food Science encompasses the entire food
chain and research towards food constituents’ and health-
promoting effects.

Greenhouse Industry Partners Include the nurseries of Knud Jepsen, ByGrowers, and Hjortebjerg

Danish Horticulture The Danish horticultural industry’s trade association representing its
approximately 500 members’ political interests.

NB Data Has many years of development experience in planning software
for the greenhouse industry.

Senmatic One of the first companies globally to market LED lighting as an
alternative to traditional horticultural lighting.

Danish Cleantech Hub Provides the local platform and strong network necessary for
bringing Danish solutions into New York.

Energy Denmark Energy Denmark is a market leader in electricity trading in Denmark
and, at the same time, an active market participant in the trade in
oil and gas products.
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international competitiveness, the Danish horticultural industry has focused on redu-
cing the carbon footprint of their products. GHI4.0 will aid in improving the Danish
horticultural Industry’s reputation as environmentally sustainable.

GHI4.0 will increase energy security for greenhouse production and support the pro-
duction flow timeline and productivity in a broader perspective. Through the GHI4.0
findings, the greenhouse will get a tool to overview the use of energy, the energy sys-
tem, energy prices, energy types etc., which will contribute to energy supply security.
Furthermore, GHI4.0 will provide a tool to ensure the production timeline, aligned with
the energy demand and supply. Collectively the tools will ensure a production opti-
mized with the energy use. Greenhouse production has a high degree of flexibility in
using various energy sources. The production, i.e., the plants, tolerate a high degree of
dynamics in the climate. Combining the flexibility and the production tolerance with
the right decisions, the grower can be an active player on the energy grid. The Danish
greenhouse industry is already using several renewable energy sources. To see a sub-
stantial increase in the use of renewable energy sources, an overview of the energy flow
and its consequence is needed. The developed DTs aim at becoming a standard for the
greenhouse industry in Denmark and several other countries. Thereby aiding the green-
house industry in transitioning towards fossil-free energy sources.

The Danish greenhouse sector has an energy consumption of 4.200 TJ, of which over
50% of the energy comes from non-renewable energy sources. GHI4.0 will improve the
awareness and the readiness of the greenhouses to take on more responsibility and in-
crease renewable energy use. Based on projects previously done, it is expected that it is
realistic to save between 5 and 15% on the non-renewable energy sources in ornamen-
tal nurseries that utilize the new possibilities in GHI4.0. Realizing the energy saving will
mean an energy reduction between 210 and 630 T] in the Danish greenhouse sector.

The DTs developed in GHI4.0 will also have the potential to include other aspects of
optimizing greenhouse production. This could include, e.g., water usage management,
pesticides, and water quality in greenhouse horticulture as problems with leaked pesti-
cides and nutrition from the nursery have been gaining attention. As a platform, the
DT can provide the needed technology for including knowledge and measures from
water usage and water quality, which can help generate reports on the needed
information.

Conclusion

The project aims to create a Greenhouse Industry 4.0 Digital Twin software platform
for combining the Industry 4.0 technologies (IoT, Al Big Data, cloud computing, and
Digital Twins) as integrated parts of the greenhouse production systems. The project
will provide a new disruptive approach for vertical integration and optimization of the
greenhouse production processes to improve energy efficiency, production throughput,
and productivity without compromising product quality or sustainability. An ecosystem
of integrated digital twins extends the state-of-the-art by adopting a scalable distributed
meta-model approach that interconnects Digital Twins in a production facility. This
enables a collection of specialized Digital Twins to be linked together to describe and
simulate all aspects of the production chain, i.e., overall production capacity, energy
consumption, delivery dates, and supply processes. Applying the Industry 4.0 enabled
Digital Twin concept in the Danish horticulture greenhouse industry allows evaluating
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the physical greenhouse facility’s performance and the production processes through
digital models and simulation. The developed Digital Twins will predict how the phys-
ical twin will perform under different operational conditions. Furthermore, the Digital
Twin concept will support the co-optimization of the production schedule, energy con-
sumption, and labor cost by considering influential factors, including production dead-
lines, quality grading, heating, artificial lighting, energy prices (gas and electricity), and
weather forecasts. Through the established GHI4.0 project ecosystem of Digital Twins,
the project promotes industrial greenhouse facilities actively participating in the electri-
city market. In turn, this can make the industrial greenhouse facilities increasingly com-
petitive and sustainable while aiding in the balancing of the future electricity grid.
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