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Abstract. This study investigates three emerging innovation ecosystems and their 

Digital Twins: (1) the Data Center business innovation ecosystem, (2) the Battery 

Factory innovation ecosystem, and (3) the Greenhouse farming innovation ecosystem, 

together with Digital Twin (DT) energy industry solutions, aiming to identify 

technological potential, pathways for ecosystem/cluster growth and development, and 

policy implications. A systematic review of DT applications was conducted across 

conventional and renewable energy production, storage, and multi‑energy systems. 

Both conventional and less conventional energy DTs were identified and reported. 

The three innovation business ecosystems were conceptualized and defined as 

summary tables integrating technological, organizational, and market dimensions. 

The study analyses how DT solutions can be mobilized to foster competitive new 

innovative industrial cluster business ecosystems and evaluates the associated 

strategic policy measures. 
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1. 1 Introduction 

The accelerating digitalization of the global energy sector has created fertile ground 

for new forms of industrial innovation, organizational transformation, and 

technological integration. Among the most significant developments is the rise of 

Digital Twin solutions of the energy industry, which enables the real-time virtual 

representation of physical assets, processes, and systems together, which can help to 

develop efficient and sustainable solutions in various innovation ecosystems. As 

energy industries confront mounting pressures to enhance efficiency, strengthen 

resilience, and meet ambitious sustainability targets, novel Digital Twin technologies 

offer a promising pathway for bridging operational realities with data-driven 

intelligence, which can decrease transaction costs of production processes and 

business model implications.  

1.1 1.1 The role of Digital Twin in industrial transformation 

Digital Twin (DT) Digital Twin is a set of virtual information constructs that fully 

describes a potential or actual physical manufactured product from the micro atomic 

level to the macro geometrical level. At its optimum, any information that could be 

obtained from inspecting a physical manufactured product can be obtained from its 

Digital Twin [1] (see also [2-4]). The critical role of Digital Twins in the energy 

industry is recognized in various studies [5-8]  



Digital Twins (DTs) virtually represent physical assets and systems so 

comprehensively that information obtainable from the real object can, in principle, be 

retrieved from its virtual counterpart, enabling analysis and control without intrusive 

inspection [1]. In the contexts of data centers, battery factories, and greenhouses, DTs 

are applied at asset, process, and system/multi‑energy levels to mirror operations, 

couple energy flows, and coordinate interactions across devices and markets ([9] Key 

benefits include operational optimization—such as predictive control, demand 

response, storage orchestration, and waste‑heat reuse—leading to improved 

efficiency, resilience, and sustainability ([9-10]. DTs also enhance risk management 

and lifecycle decision‑making by enabling what‑if simulations, condition monitoring, 

and cybersecurity‑aware oversight before physical changes are implemented [1. 10]. 

At the ecosystem level, interoperable DT deployments support data governance and 

scalable integration, helping accelerate the formation of competitive industrial 

clusters [9] (see also [11-12]). 

 

2. What are Innovation Ecosystems? 

 
In parallel with innovation ecosystem typologizing and role clarification, the 

broader landscape of innovation is undergoing a profound technological shift. 

Emerging innovation ecosystems, characterized by dense networks of firms, research 

organizations, digital platforms, and regulatory institutions, increasingly determine 

the pace and direction of technological change. Within this context, Digital Twin 

solutions of the energy industry do not evolve in isolation. Rather, they are embedded 

in—and shaped by—interconnected ecosystems that foster learning, collaboration, 

and competitive advantage.  

McKinsey [13] states that innovation ecosystems provide access to data and 

opportunities for data commercialization. In addition, ecosystems increase the market 

value of companies and help maintain competitiveness. Innovation – i.e. a new or 

renewing product, service, market, business model, organizational method – creates 

economic growth, improves the competitiveness of companies and renews the 

structures of society (e.g. 15-18]. The aim is also to have a systemic view of the 

development of society and business (e.g. [18-19].  

We use the following definition of ecosystem [18]. "An ecosystem is defined by 

the relationships between multilateral partners that need to interact in order to create 

a common ecosystem value proposition."  

To specify the Innovation ecosystem, we follow the definition of Autio et. al. [19] 

that innovation ecosystem comprises of business ecosystems, platform ecosystems 

and modular ecosystems.  

A scoping review is a type of research review used to map out what is known about 

a broad topic or research area. Key features of a scoping review are (1) broad focus 

and it looks at a wide topic rather than a narrow question. It maps (2) some evidence 

– identifies types of studies, key concepts, and gaps. A scoping review has systematic 

approach and follows clear, transparent steps to search for and select studies. It (3) 

does not have a detailed quality appraisal unlike systematic reviews, and (4) it usually 

does not assess how “good” each study is. A scoping review includes (5) many sources 

and may include quantitative studies, qualitative studies, reviews, reports, and grey 

literature [23-25].  

This scoping review study examines three innovation ecosystems that underpin the 

development and diffusion of Digital Twin solutions in the energy industry. These 

innovation ecosystems are: (1) Data Center business innovation ecosystem, (2) 

Battery Factory business innovation ecosystem, and (3) Greenhouse farming business 

innovation ecosystem.  Novel Digital Twin solutions explore the technological 

potential revealed by current industrial applications, analyses how these ecosystems 

reinforce one another, and consider how Digital Twin innovations could be mobilized 

to strengthen or establish new competitive industrial clusters.  

 

3. Emerging Three Innovation Business Ecosystems 



 

We have defined three critical innovation and business ecosystems for Finland and 

the Finnish energy cluster. Desk work was led by Dr Henrik Sievers (Memo of Dr 

Sievers 2025). Firstly, an emerging innovation ecosystem relevant for Finland 

nowadays is the Data Center business ecosystem. Data Centers are nowadays needed 

for the need of big data analytics and Internet of Things [26-31, 33]. Electricity 

demand for data centers more than doubles by 2030 [31]. We have defined 6 systemic 

innovation ecosystem domains of this growing innovation ecosystem in Table 1. 

 

Table 1. Data Center Industry business ecosystem: Key innovation ecosystem 

domains, core functions, and activities. 

Innovation 

ecosystem 

domains 

Core functions and activities 

1. 

Infrastructure 

Management 

• Design, construction, and maintenance of data centre facilities. 

• Management of servers, switches, storage systems, and other 

critical hardware. 

• Power management and backup systems (e.g., UPS, generators). 

• Advanced cooling solutions such as liquid cooling and free 

cooling technologies. 

2.  Network 

and 

Connectivi

ty 

• Provision of high-capacity network connections, including 

Internet transit, peering agreements, and routing services. 

• Deployment of edge computing infrastructures to distribute 

computational resources closer to end-users. 

3. Services 

and 

Solutions 

 

• Colocation services enabling clients to install and operate their 

own equipment within the data centre. 

• Cloud services, including Infrastructure-as-a-Service (IaaS), 

Platform-as-a-Service (PaaS), and Software-as-a-Service (SaaS). 

• Managed services such as server administration, security 

management, and data backup solutions. 

4. Security 

and 

Compliance 

 

• Physical security measures (access control, surveillance systems). 

• Cybersecurity solutions (firewalls, DDoS protection, encryption). 

• Compliance with international standards and certifications (ISO 

27001, SOC 2, GDPR). 

5. Operationa

l 

Manageme

nt 

• System monitoring, automation, and real-time alerting 

mechanisms. 

• Capacity management to ensure scalability and optimal resource 

utilisation. 

6. Sustainabil

ity and 

Energy 

Efficiency 

• Adoption of renewable energy sources to support carbon-neutral 

operations. 

• Waste-heat recovery and utilisation in district heating networks. 

 

Secondly, an emerging new industrial innovation ecosystem relevant for Finland 

nowadays is the Battery Manufacturing Industry business ecosystem. Battery 

Manufacturing Industry and associated energy storage systems are an interesting 

business ecosystem for Finland [34-35]. We have defined systemic innovation 

domains of this strategic innovation ecosystem in Table 2.  

 

Table 2. The Battery Manufacturing Industry business ecosystem: Key innovation 

ecosystem domains, core functions, and activities. 

Innovation ecosystem 

domains  

Core functions and activities 

1. Raw Material 

Acquisition and 

Processing 

• Extraction and chemical refining of lithium, 

nickel, cobalt, and graphite. 

• Pre-processing activities, including 

purification and standardisation of materials to 

meet battery-grade requirements 



2. Cathode and Anode 

Manufacturing 

 

• Production of cathode materials such as 

lithium-nickel-manganese-cobalt (NMC) and 

lithium-iron-phosphate (LFP). 

• Manufacturing of anode materials, including 

graphite and silicon-based composites. 

• Coating, calendaring, and related electrode-

fabrication processes. 

3. Electrolyte and 

Separator Production 

 

• Formulation of liquid electrolytes comprising 

lithium salts dissolved in organic solvents. 

• Manufacture of polymer-based separator films 

that prevent short circuits while permitting ionic 

transport. 

4. Cell Manufacturing 

 

• Assembly of battery cells in cylindrical, pouch, 

or prismatic formats. 

• Electrode lamination, stacking, and 

encapsulation processes. 

5. Module and Pack 

Assembly 

 

• Integration of individual cells into modules and 

complete battery packs. 

• Development and implementation of Battery 

Management Systems (BMS) for controlling 

charging, discharging, and thermal conditions. 

6. Testing and Quality 

Assurance 

 

• Electrical performance testing, including 

capacity, voltage, and current measurements. 

• Safety validation, such as thermal management 

assessment and short-circuit testing. 

7. Logistics and 

Distribution 

• Transportation and delivery of batteries from 

manufacturing facilities to clients in sectors such 

as automotive production and stationary energy 

storage. 

8. Recycling and End-of-

Life Processing 

 

• Recovery of critical materials such as lithium, 

nickel, and cobalt. 

• Hydrometallurgical and pyrometallurgical 

processes for the treatment of end-of-life 

batteries. 

9. Supporting Functions 

 

• Research and development activities, including 

exploration of new chemistries (e.g., solid-state 

batteries). 

• Automation and digitalisation through IoT 

integration and data analytics for production 

optimisation. 

• Certification and regulatory compliance, 

including adherence to ISO standards and EU 

battery regulations. 

 

Thirdly, an emerging new industrial innovation ecosystem relevant for Finland nowadays 

is the Greenhouse farming business ecosystem. It is important for food production in Finland. 

Also, this business ecosystem is interesting for Finland [36-39]. We have defined systemic 

innovation domains of this strategic innovation ecosystem in Table 3. 

 

Table 3. Greenhouse farming industry business ecosystem: Key innovation ecosystem 

domains, core functions, and activities. 

 

Innovation ecosystem 

domains  

Core functions and activities 

1. Design and Construction • Development of greenhouse structures using 

steel or aluminium frames with glass or polymer 

coverings. 



• Heating and cooling solutions, including energy-

efficient systems, heat pumps, and district heating. 

• Advanced lighting systems such as LED and 

HPS technologies, alongside daylight-

optimisation strategies. 

2. Cultivation Systems 

 

• Hydroponic and aeroponic cultivation methods 

enabling soil-free plant growth in nutrient 

solutions. 

• Use of substrates including peat, coconut fibre, 

and mineral wool. 

• Automated irrigation and nutrient-delivery 

systems. 

3. Climate and Environmental 

Control 

 

• Temperature and humidity regulation through 

sensors and automation technologies. 

• CO₂ enrichment for optimised plant growth. 

• Natural and mechanical ventilation systems. 

4. Technology and 

Automation 

 

• Internet-of-Things (IoT) applications and sensor 

networks for continuous monitoring of growth 

conditions. 

• Intelligent control systems and cloud-based 

management platforms. 

• Robotics for planting, harvesting, and material 

handling. 

5. Production and Harvesting 

 

• Cultivation of crops such as tomatoes, 

cucumbers, lettuces, herbs, and berries. 

• Manual or automated harvesting, sorting, and 

handling of produce. 

6. Logistics and Distribution 

 

• Packaging solutions designed to maintain 

freshness and quality. 

• Cold-chain management for efficient 

transportation to markets and processors. 

7. Energy and Sustainability 

 

• Integration of renewable energy sources, 

including solar power and bioenergy. 

• Waste-heat recovery and utilisation for thermal 

efficiency. 

8. Research and Development 

 

• Breeding, testing, and optimisation of plant 

varieties suited to controlled environments. 

• Circular-economy solutions such as water 

recycling and nutrient recovery systems. 

 

Now we have defined our three emerging innovation ecosystems (Data Centers, 

Battery Manufacturing and Greenhouse Farming BE) in Finland. We focus next on 

the challenges of the energy industry in these three innovation business ecosystems. 

Building on the ecosystem tables, Section 4 synthesises our scoping‑review findings 

into a structured catalogue of Digital Twin applications and their expected benefits 

for data centers, battery manufacturing, and greenhouse farming. 

 

4. Digital Twin Solutions in the Energy Industry: Identifying 

Technological Potential of Digital Twins 

This section is based broad scoping review work based on key sources and key 

reviews of DTs in the energy sector [39-62]. In Table 4, we report special Digital 

Twins in the energy industry based on broad knowledge management assessments 

[39-62], and especially more focused assessments [63-67, 69-72]. 

 

Table 4. Special Digital Twin Solutions in the energy industry. Cross-technology 

production, Conventional power (thermal) generation, wind energy, solar energy, 



hydropower production, geothermal, nuclear, hybrid and multi-energy production, 

industrial co-generation, and waste-to-energy production. 

Special Field of  

Energy Technology 

Digital Twins 

Cross-Technology 

Production of the 

Energy Industry 

Plant-Level Operational Digital Twin 

Process Control Digital Twin 

Predictive Maintenance Twin 

Energy Efficiency & Optimisation Twin 

Asset Health Management Twin 

Safety & Risk Simulation Twin 

Emissions Monitoring and Compliance Twin 

Fuel Supply and Feedstock Flow Twin 

Digital Worker/Training Twin (AR/VR-enabled) 

Integrated Power-Heat-Steam Production Twin 

(CHP/Cogeneration) 

Conventional 

(Thermal) Power 

Generation:  

Boiler/Combustion Digital Twin 

Steam Cycle Digital Twin 

Turbine Digital Twin (gas or steam) 

Heat Recovery Steam Generator (HRSG) Twin 

Flue Gas Cleaning & Emission Control Twin 

Cooling Tower & Heat-Exchanger Twin 

Fuel Handling and Feed System Twin 

Biomass Combustion and Gasification Twin 

Wind Energy 

Production 

Wind Turbine Structural Twin 

Gearbox and Drivetrain Twin 

Blade Aerodynamics and Fatigue Twin 

Generator and Inverter Twin 

Wind Farm Wake-Flow Digital Twin 

Turbine Performance & Power Curve Twin 

Offshore Platform Structural Twin 

Environmental Load and Wave-Impact Twin (offshore) 

Solar Energy 

Production 

PV Module Degradation Twin 

Inverter and Power Electronics Twin 

Tracker System Digital Twin (single/dual axis) 

Solar Thermal Plant Twin (CSP, tower, trough) 

Thermal Storage Twin (molten salt, phase-change materials) 

Plant-Level PV Yield Forecasting Twin 

Hydropower 

Production:  

Turbine Dynamics Twin (Francis, Kaplan, Pelton) 

Hydraulic Flow and Cavitation Twin 

Dam and Structural Integrity Twin 

Reservoir Management and Water-Flow Twin 

Pumped Storage Cycle Twin 

Sedimentation and Erosion Twin 

Geothermal Energy 

Production 

Subsurface Reservoir Twin 

Wellbore and Drilling Twin 

Geothermal Heat-Exchange Twin 

Binary Cycle (ORC) Twin 

Reinjection Strategy Twin 

Nuclear Energy 

Production 

Reactor Core Simulation Twin 

Fuel Rod and Cladding Twin 

Cooling Circuit and Thermal-Hydraulics Twin 

Containment Safety and Stress Twin 

Radiation Shielding and Monitoring Twin 

Spent Fuel Handling Twin 



Hybrid and Multi-

Energy Production 

Hybrid Plant Dispatch Optimisation Twin 

Integrated Wind–Solar–Storage Twin 

Microgrid Production Twin 

Power-to-X Production Twin (hydrogen, ammonia, e-fuels) 

Thermal + Electric Co-Production Twin (industry parks) 

Industrial Co-

Generation and 

Waste-to-Energy 

CHP (Combined Heat and Power) Production Twin 

Waste-to-Energy Combustion Twin 

Industrial Steam Production Twin 

Biogas Digestion and Upgrading Twin 

 

To sum up our investigations, we were able to identify (1) DTs of Cross-Technology 

Production, (2) DTs of Conventional (Thermal) Power Generation, (3) DTs of Wind 

Energy Production, (4) DTs of Solar Energy Production Digital Twins, (5) DTs of 

Hydropower Production, (6) DTs of Geothermal Energy Production, (7)  DTs of 

Nuclear Energy Production, (8) DTs of Industrial Co-Generation and Waste-to-

Energy, (9) DTs of Hybrid and Multi-Energy Production and DTs in Industrial Co-

Generation and Waste-to-Energy.  

5. Digital Twin Solutions of the Energy Industry for Three 

Business Ecosystems 

Now we can link potential strategic Digital Twins of the energy industry to 

three business ecosystems, Data Center, Battery, and Greenhouse farming 

business. In Table 5, we report our preliminary results of our KM investigations 

and arguments concerning relevance based on Tables 6-8. 

Table 5. Digital Twins relevant for three business ecosystems: Data Center BE, 

Battery BE, and Greenhouse BE. 

Business 

ecosystem 

The most relevant Digital 

Twins 

Arguments  

Data 

Centre 

BE 

- Plant-Level Operational Twin  

- Energy Efficiency Twin  

- Cooling System Twin(s)  

- Microgrid Twin 

-Energy Efficiency & 

Optimisation Twin 

 

-Predictive Maintenance Twin 

-Microgrid Production Twin 

-Cooling Tower & Heat-

Exchanger Twin 

-Wind–Solar–Storage 

Integration Twin 

See Table 1. 

Energy reliability and cooling 

optimisation- 

 

Energy efficiency 

 

 

Resiliency of energy system 

Optimal dispatch 

Minimal cooling cost 

 

Renewable share % 

 

Table 6. Digital Twins relevant for three business ecosystems: Battery BE. 

Business 

ecosystem 

The most relevant Digital 

Twins 

Arguments  

Battery BE  

- Process Control Twin  

- Predictive Maintenance Twin  

- Asset Health Twin  

- Emissions Twin  

- Safety Twin 

See Table 2. 

Manufacturing efficiency and 

safe operations- 

 

 

 



-Energy Efficiency & 

Optimisation Twin 

-Predictive Maintenance Twin 

-Emissions Monitoring & 

Compliance Twin 

-Digital Worker / Training Twin 

-Microgrid Production Twin 

-Hybrid Plant Dispatch Twin 

-Boiler/Combustion Twin 

-Cooling Tower & Heat-

Exchanger Twin 

Energy efficiency 

 

Resiliency of energy system 

Emission control 

 

Workforce training  

Optimal dispatch 

Cost optimisation 

Minimal heat cost 

Minimal cooling cost 

 

Table 7. Digital Twins relevant for three business ecosystems: Greenhouse 

Farming BE. 

Business 

ecosystem 

The most relevant Digital 

Twins 

Arguments  

Greenhouse 

Farming BE 

 

- Process Control Twin  

- Energy Efficiency Twin  

- Operational Twin 

 

-Energy Efficiency & 

Optimisation Twin 

 

 

-Predictive Maintenance Twin 

-Asset Health Management 

Twin 

-Safety & Risk Simulation 

Twin 

 

-Microgrid Production Twin 

-Hybrid Plant Dispatch Twin 

-Boiler/Combustion Twin 

-Cooling Tower & Heat-

Exchanger Twin 

-Wind–Solar–Storage 

Integration Twin 

See Table 3. 

 

Climate control with minimum 

energy input 

 

 

Energy efficiency 

  

 

 

Resiliency of energy system 

 

 

 

 

Optimal dispatch 

Cost optimisation 

Minimal heat cost 

Minimal cooling cost 

 

Renewable share % 

 

The most specific Digital Twins for three business ecosystems are reported 

in Table 8.  

Table 8. The most specific Digital Twins for three business ecosystems 

Business ecosystems Most specific Digital Twins 

Data Centers Cooling Tower & HX Twin, Microgrid 

Twin 

Battery  Emissions & Safety Twins 

Greenhouse farming AR/VR Training Twin for operators 

 

These three specific Digital Twins are, of course, strategically critical Digital Twins 

of the energy industry.  

 

6. Future research avenues   



Future research should focus on using AI to make digital twins smarter by blending 

physics‑based models with data‑driven insights, so they can predict, control, and spot 

problems in energy systems more reliably. Digital twins can also give full lifecycle 

visibility by connecting design, daily operations, and end‑of‑life, while tracking 

materials and energy use to support practical circular decisions. They enable a shift to 

service‑based business models—such as predictive maintenance and guaranteed 

energy performance—through continuous monitoring, remote optimization, and 

control aligned with service level agreements. At the same time, we need to address 

the risk that optimising a single subsystem can undermine the performance of the 

whole. To avoid those “local wins, global losses,” future work should build 

ecosystem‑aware Digital Twins that coordinate flows across multiple energy sources 

and interfaces and consider market interactions, so decisions made in one part of the 

system do not create unintended downsides elsewhere. 

 

7.Conclusions 

Digital Twins are mainly context-dependent but also include strong cross-industry 

commonalities. To guarantee knowledge-based management, we defined three 

innovation and business ecosystems, Data Centers BE, Battery production BS, and 

Greenhouse farming BE. Digital Twin solutions are and will be critical in energy 

storage and battery production, data centers, and greenhouse farming production 

because they combine real-time data, system modeling, and predictive analytics. In 

all three critical systemic domains, even small improvements in optimization can lead 

to significant savings in energy, cost, and resources and improve resiliency. The key 

contribution of this study is to combine business ecosystem analyses into the 

comprehensive knowledge-based mapping of Digital Twins of the energy industry. 

For Battery and Data Center BEs, relevant categories are Conventional power 

generation DTs, Renewable energy power generation DTs, Transmission systems 

DTs, Distribution systems DTs, Energy storage DTs, Industrial energy systems DTs, 

Buildings & district energy DTs, and Cross-sector applications DTs.  For Greenhouse 

Farming BEs, the most relevant categories are in most cases all the energy DT 

categories, but context-dependent variations on local conditions and energy pricing 

structures. Key results of special relevant DTs of the energy industry were reported in 

Tables 6-8. 
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