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EXECUTIVE SUMMARY 

This deliverable presents design requirements for the Digital Twin for Energy Valleys and 
proposes the initial software architecture solution for the Digital Twin. A Digital Twin of an 
energy valley is a digital replica of the energy system of this valley. The changes in the real-
world are reflected in the digital twin by keeping the replica in sync using (real-time) 
measurements. The Digital Twin is used to provide mostly operational decision support, to 
analyse, evaluate and optimize the operation of the energy valley.  

This deliverable, and this work package, look at the digital twin from two different points of 
view: generic and specific. The blueprint of the digital twin software architecture and the 
KPIs are provided as a generic solution that any energy valley in Europe could adapt to their 
needs. While D5.1 establishes the design requirements, D5.6 will give the final draft of the 
blueprint. One specific instance of the digital twin, compliant with the proposed blueprint, will 
be implemented within the City Information Platform (CIP) at the flagship valley, after 
validation in a field lab in T5.5. The real-time data for this digital twin will largely come from 
activities in T3.4. This deliverable looks forward to the intended developments at the flagship 
valley. 

The first chapter sets the tone by explaining some possible use cases of the digital twin by 

its potential users. The second chapter continues by listing the design requirements. The 

design requirements are split across the scoping requirements, software requirements and 

finally result and interface requirements. The third chapter talks about the available and 

needed resources including data and supporting software components. The fourth chapter 

proposes a software architecture. And the fifth, and final chapter, defines the KPIs for 

assessing the performance of the digital twin.  
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1. USERS AND USE CASES 

A Renewable Energy Valley (REV) in the context of the REFORMERS project is defined as 
a decentralised renewable energy system that promotes production of green energy, 
diversification of energy supply and energy self-sufficiency. One of the key technologies to 
enable these characteristics is a Digital Twin (DT). DTs are envisioned as operational 
decision support tools, observing the dynamics of energy supply in the valley, providing 
analytics and management advice to its users [Palensky2022]. 

1.1. Users 

The potential direct users of a digital twin are: 

1) Local municipality representatives 
2) Businesses located in the valley 
3) Energy companies operating in the valley 

Each of these groups of users could usea twin in a distinct way. Local municipality 
representatives could be interested in an overview of the (renewable) energy production and 
consumption in the valley in order to form policies that further promote adoption of green 
energy. Businesses could be interested in advice on bill management given the local 
conditions in the valley that are accurately reflected in the twin. Energy companies could be 
interested in identifying business opportunities, ranging from installing new assets for 
generation and distribution of energy, to identifying the right types of contracts for their 
customers. 

Within the REFORMERS project, all three groups of users are represented and all groups 
have expressed interest to a different degree in the digital twin. 

1.2. Use cases 

Some possible uses of the digital twin are listed next. These are given as examples and do 
not constitute a complete list. The purpose of this list is to provide the reader with a few 
specific examples so that the remaining part of the report can be read with having some 
potential applications in mind. 

• Increased observability into energy supply – the DT contains the energy image of the 
valley which is regularly updated with the field measurements. Therefore, the twin is the 
go-to platform to observe the state of the energy supply in (near) real-time. The 
measurement data and any analytics performed by the twin are being stored and can be 
retrieved later for future use.  

• Forecasting of renewable energy production – the DT could potentially be used to 
forecast solar and wind power generation for specific renewable energy sources in the 
valley. This can be done over the horizon of minutes and hours providing valuable 
information to all stakeholders who own or receive energy from these sources. With such 
information, the stakeholders could decide on, for example, how much energy they need 
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to import from outside of valley from one day to the next or even from one hour to the 
next. 

• Forecasting of energy consumption – similarly to the previous, the DT can be used to 
forecast consumption, particularly for the larger commercial users and residential 
neighbourhoods, providing insight into the energy needs of the valley. Such information 
can be used in a similar way as described in the previous point. The emphasis remains 
on the ability to make decisions within hours, days and weeks. 

• Monitoring and analysing energy flows and network congestion – in this use case, 
the twin is used to indicate how energy gets exchanged and if the energy flows in the 
valley are reaching the capacity limits of the network infrastructure. This is particularly 
interesting in the case of electricity grids which are quickly saturating due to rising 
numbers of electric vehicles, heat pumps and solar panels. Such information can be 
valuable to stakeholders who could act on it (near) real-time to help reduce the burden 
on the infrastructures. 

• Energy management – since the DT has the complete picture of the energy situation in 
the valley, the DT can be used to provide advice on managing the energy generation 
and consumption by recommendations on how to utilize the available flexibilities. Due to 
such completeness, the advice would be more accurate and reliable than what each of 
the stakeholders could conjure independently. Additionally, it would arrive in a timely 
manner. The advice that DT gives could, but does not have to, be acted upon by 
stakeholders. 

• Scenario analysis – what-if studies are of high value to all users and DT could be used 
to explore various pathways, including different weather scenarios, control options, 
usage patterns, etc. Although in this case the twin acts as a model, its richness in terms 
of modelling details and access to historic data could provide crucial benefits over the 
offline model-based studies.  

The representatives of the city of Alkmaar have identified increased observability and 
congestion analytics as two use cases with a high priority for the flagship valley. 

2. DESIGN REQUIREMENTS 

The design requirements are split into three groups, each of which relates to a specific part 
of the DT. The same groups of requirements will be followed up upon in the KPI section from 
the context of evaluation and validation.  

2.1. Requirements on user interaction 

By analysing example use cases in Section 1.2, it is possible to distinguish several 
requirements related to user interaction with the digital twin. These are blueprint 
requirements. Each energy valley could choose to reduce this set per their need. 

• Analytics – the twin should provide the means of displaying and analysing the 
current situation in the energy valley in terms of energy levels, power exchanges, 
CO2 emissions, etc. In other words, the twin should be able to present the current 
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image of the valley to the users in near real-time. In addition, it should also provide 
the means to users to save the image and reload it later for offline analysis.  

• Forecasting – the twin should provide the means of forecasting the energy levels, 
power exchanges, CO2 emissions, etc. Similar to before, the user should be able to 
store the forecasts and check them later against the realizations adding to the analytic 
potential. 

• Management – the twin should proactively provide advice to the user on energy 
management, power management, bill management, etc. This advice can be 
provided through a GUI or an API. Similar to before, the user should be able to store 
the advice together with the image of the valley for later analysis.  

• Scenarios – the twin should provide the means to test what-if scenarios. Within the 
what-if scenarios, the user might want to change an external condition, such as 
weather profile, or an internal behaviour of some assets, such would be the change 
of control logic. Similar as before, the outcome of the study should be stored for later 
use.  

For all listed requirements, meta data should be included when storing the results.  

In the case of the digital twin of the Alkmaar flagship valley, all requirements are of interest 
although the analytics requirement takes priority over the others. 

2.2. Real-world replication (model scoping) requirements 

The main purpose of the digital twin is to act as a digital replica of the energy valley near 
real-time. To achieve this goal, the DT must replicate truthfully the energy ecosystem of the 
valley. To this end, we can define the following dimensions to be represented in the DT: 

• Spatial scope – the spatial size of an energy valley can vary. Although the DT is 
focused on the city of Alkmaar, the DT will broaden the modeling scope per need and 
per availability of measurements to include other relevant energy aspects. The key 
modeling challenge is the representation of what is beyond the spatial scope but still 
has influence on the local energy system. This could be, for example, the high-voltage 
transmission system representation, or the electricity wholesale market 
representation or the representation of weather in the broader region.  

• Temporal scale – the DT is primarily an operational decision support tool. Hence, 
the model should run with temporal scales with time resolution of seconds, minutes, 
and hours. The real-time data from the valley must comply to this requirement. The 
time horizon that is being used for forecasting and scenario/management advice is 
in terms of days and months ahead. 

• Stakeholders and decentralized operation – Another distinct characteristic of an 
energy valley is its decentralized operation in an ecosystem with multiple 
stakeholders. The typical actions of these stakeholders should be captured in the 
twin. For example, an energy consumer has a battery and a controller that makes 
sure that the company stays below its contracted capacity for electricity connection. 
The key modelling challenge is to capture the overlaying forms of the stakeholder 
operation principles including their risk preferences and options. 
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• The energy carriers (vectors) of interest are electricity, heat and gas. Their 
couplings are also important to consider. All three of these carriers are present in the 
city of Alkmaar, electricity and gas under the governance of Alliander and district 
heating network under the governance of HVC. Even though there is yet no hydrogen 
infrastructure in the city of Alkmaar, hydrogen is generally seen as the upcoming 
energy carrier, and therefore, it is of interest for the modelling in the DT. The main 
variables to capture are power and energy. The topological information of the 
networks, together with their capacities, are also of interest. In the case of the 
electricity grid, the MV and LV levels are of interest. In the case of the gas grid, lower 
pressure gas distribution is of interest. 

• Energy assets (generation, storage, consumption) – any renewable and non-
renewable energy sources, storage options such as batteries, and large consumers 
should be modelled within the DT to obtain a representative image of the energy 
system. The diversity and heterogeneity of options are the key challenges for 
implementation while the models can range from single asset models to lumped 
technology representations.  

• Uncertainty – in the case of energy valleys with many stakeholders and energy 
assets, it is almost certainly the case that some parts of the system will be best 
described using stochastic principles. Most naturally, the uncertainty is an integral 
part of weather and energy demand. Furthermore, it is present in the stakeholder 
behaviour and to some extent in the behaviour of the flexible demand assets. It is 
important to consider the three forms of uncertainty and to identify their role in 
different segments of the digital twin. These three forms of uncertainty and 
corresponding mitigations are: 1) short term uncertainty that is predictable and best 
captured with forecasting models, 2) medium term uncertainty that is not predictable 
but whose probability density function is known, and 3) long term uncertainty that is 
best captured by devising edge case scenarios.  

2.3. Digital tool (software) requirements 

The digital twin is a software solution, and as such, must adhere to the software/digital 
specifications. The digital tool specifications should of course be derived from the use cases 
that the twin is supposed to handle, and hence, it is not possible to define them precisely for 
a generic blueprint of the digital twin. However, we can define the following groups of 
requirements for the blueprint.  

• Data quality – it is essential that the data collected from the valley by the DT is as 
complete as necessary, that it is accurate and timely and that it is consistent. In case 
data quality is poor, replacement with default values and/or estimation of 
missing/inaccurate values should be performed. 

• Performance – it is necessary that the computational performance of the DT is within 
the temporal needs of the use cases that the DT covers and that the result is 
numerically accurate to the desired level. In case computational effort is too high 
leading to poor performance, the complexity and/or resolution of the models should 
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be reduced or stronger computational environments (such as HPC clusters) should 
be used. 

• Result archiving – it is important that the results of DT computations are stored for 
offline analysis and later use. In case the local storage options are not sufficient, a 
cloud based options could be explored.  

• Interoperability – it is important to comply with common model ontologies and 
common data exchange standards to ensure interoperability between elements of 
the digital twin and between the twin and the rest of the world. The interoperability 
should be in service of functionality and not a goal in itself. 

• Scalability – it is essential that the twin is modular and scalable allowing re-scoping 
of the models and services that it offers in order to evolve together with the valley. 

• User experience – it is important that the twin is available to users when needed, 
that its methods and algorithms are transparent and understandable to users and that 
its processing steps are logged and stored to ensure tractability. 

• Versioning – it is necessary to properly version, test and maintain different digital 
elements of the DT. 

• Security – it is important that a user account system is in place and that the GDPR 
are followed when/where necessary. 

• Privacy – necessary privacy rules must be applied and compliance with GDPR 
ensured. 

Each energy valley would have to define each of these requirements more precisely and 
per need. Before this can be done, the valley should shortlist all use cases of interest. Since 
we are covering many use cases for the Alkmaar digital twin, and since this effort is largely 
a research and innovation action, we do not try to create a unified set of specific digital tool 
requirements beforehand. Instead, we will reflect on these aspects during the evaluation of 
the digital twin.  

3. AVAILABLE RESOURCES FROM THE FLAGSHIP VALLEY 

In the case of the REFORMER’s flagship energy valley, following are resources that stand 
on the digital twin disposal. They are separated in four segments out of which three relate 
to data. It is worth noting that different energy valleys might have different resources 
available. However, every energy valley will have some of these on their disposal.  

3.1. IT infrastructure to host the digital twin 

The city of Alkmaar already runs a City Information Platform (CIP) that was developed as a 
part of a Horizon2020 project called Pocityf (H2020-SCC-01-2019, GA: 864400). This 
platform already contains some of the essential IT components for running the DT. These 
include a database with plenty of data about the city, a visualization GIS-based platform, 
user account management system, etc. Although the IT systems are in place, the 
information about the energy system of the valley is rather scarce and not available in real-
time. Yet, the CIP will provide the foundation for the implementation of the REFORMER’s 
digital twin. 
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3.2. Energy valley model 

Following is the list of all available information at this time that can be used to construct the 
model of the Alkmaar energy valley. The data is provided by the project partners as a part 
of T3.2. The data will be used in accordance with the data management plan of the project 
which can be found in D1.6. 

• Generation: 
o Wind turbine locations and capacities 
o Solar panel locations and capacities including residential & commercial 

installations 
o District heating plants location and capacities 

• Consumption:  
o Energy labels of buildings and households 
o Locations of large consumers and contracted network connection capacities 

• Networks: 
o Electricity network outline at the MV and LV level including cable and 

substation capacities 
o Natural gas pipeline outline including the capacities and pressure levels 
o Heat network outline including the capacities and temperature levels 

 

3.3. Historical data 

Following is the list of the historical data that is available as of the time of writing this report. 
The data is provided by project partners within T3.2 or available open source. The data will 
be used in accordance with the data management plan of the project which can be found in 
D1.6. 

We first list the total energy values over one year period. 

• Generation: 
o Large solar and wind energy production 
o Aggregated generation capacity of residential customers per zip code 

• Consumption: 
o Aggregated consumption of residential customers per zip code 
o Energy consumption of largest energy consumers 

Next, we list the energy/power profiles of various assets. The time horizon is one year unless 
stated otherwise.  

• Generation: 
o District heating plants generation profile with an hourly resolution 

• Consumption: 
o Synthetic load profiles for various businesses 

• Networks: 
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o Electricity power profile over several substations in the network with hourly 
resolution 

o Natural gas profile at particular locations in the network with daily resolution 

Finally, historical weather data is available as open source through Copernicus Climate Data 
Store. 

3.4. Real-time data 

Following is the list of the real-time data that should be made available as a part of T3.4. 
The data is sampled with the resolution higher than 1 Hz unless stated otherwise. The data 
will be used in accordance with the data management plan of the project which can be found 
in D1.6. 

• Generation: 
o 50 largest energy producers  

• Consumption: 
o 20 largest consumers which are non-controllable 
o 50 residential customers 
o Consumption forecast at the regional level (bigger than the valley) with 15 

minute resolution 

In addition, online weather services can be used to obtain the real-time weather data. 

4. PROPOSED ARCHITECTURE 

In this section, we conceptualize an architecture of the digital twin. This is the first proposal, 
while the final description of the architecture will be delivered as a part of the digital twin 
blueprint in D5.6.  

First, we recognize that the variety of use cases that the digital twin handles can best be 
encapsulated with a service-oriented architecture. In this context, looking at the use cases 
from Section 1.2, we can say that the digital twin should provide, for example, an energy 
flow analysis service or a wind forecasting service.  

Reference [Aheleroff2021] presents a possible reference architecture model centered 
around Digital Twin as a Service principle. Although defined for manufacturing industry, this 
reference model provides a neat categorization of digital twins, digital models and digital 
shadows that gradually show the spectrum of integration of the digital system with the 
physical one. 

Similarly, the ISO/IEC/IEEE 15288 [ISO15288] standard on systems and software 
engineering provides a neat way to differentiate between enabling systems (such as data 
storage, user account management, etc.) and services and functions that our system of 
interest provides (for example already mentioned wind forecasting service). This reference 
architecture can be used to differentiate between the supporting elements and the elements 
ensuring the main functionality of the digital twin for energy valleys. 
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The following architecture sketch in Figure 1 is proposed for the implementation of the 
energy valley digital twin. The purpose of this sketch is to establish the main elements that 
we foresee will constitute the digital twin for energy valleys. Its purpose is not in any way to 
show a final or complete architecture. 

 

 

Figure 1 Architecture sketch of the digital twin including references to partners 

The top three layers in the image represent the three layers of the digital twin focusing on 
data, models and services. Each of these layers is covered in one task of this WP. The 
deliverables of those tasks (D5.2, D5.3 and D5.4) will give more details on each of the layers, 
while the main ideas will be presented in this deliverable. The enabling systems are the IT 
systems which are in the case of the Flagship Valley provided as a part of CIP. 

The role of the data layer is to manage the necessary data to ensure the functionality the 
digital twin. This includes communication between the physical asset and the integrated 
services and models. Where possible, data will be standardized to common data models 
and schemas to support interoperability and scalability. 

The model layer is in charge of keeping and regularly updating the image of the energy 
valley. The image is contained within a model. Since it is almost impossible to have a single 
comprehensive model of a complex system like an energy valley, this layer should provide 
for the existence of multiple models. The models contained within this layer can be of 
different resolution and scope. However, they all must be in sync with the energy system of 
the valley in terms of system configuration. In other words, every single model within this 
layer is a digital representation of the same physical energy system. To ensure such 
alignment, automated model generation techniques are used together with the timely model 
synchronization. 
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The service layer is in charge of accepting the requests from the users and on addressing 
those requests by using the models and the data. Within the service layer, we recognize 
four categories of services as described in Section 2.1. Each individual service will likely be 
linked to a specific model and/or to a subset of data. Since services might need to provide 
additional (and sometimes extensive) calculations on top of data and model outputs, it is 
paramount to harmonize advice between services or at least provide warnings in cases 
when conflicting advice could occur. For example, it should not happen (without a warning) 
that a bill management service advises to perform action that creates congestion while the 
congestion management service advises an action in the opposite direction.  

Finally, this figure also shows the names of the partners which will develop each of the 
elements of the digital twin.  

5. KPIS 

 This section discusses the Key Performance Indicators (KPIs) that will be used to assess 
the DT developed and implemented for the energy valley. Assessing a DT requires a multi-
fold approach, as a DT is a digital replica of a real-world that should serve a defined purpose 
and accommodate defined requirements. To this end, the DT developed in REFORMERS 
will be assessed on different levels: (1) on a real-world replication level, (2) stakeholder 
objective (DT purpose) level, and (3) on the digital tools (technical) level. The assessment 
criteria will follow requirements defined in Chapter 2. However, not all the requirements will 
be assessed, as each energy valley has to scope their DT for their specific purpose. 

5.1. Real-world replication (model scoping) assessment 

The first assessment looks at how well a DT replicates a real-world system for which it is 
built. It is important to note that depending on the purpose of a DT, different level of details 
is required in the digital replica. This assessment does not generate a quantifiable KPI, but 
offers a general framework that can be used to gain an insight into what a developed DT 
offers to the involved stakeholders, with respect to their objective. The framework will 
generate a form of a lookup matrix to show the features of the real world a DT replicates. 
The dimensions of this assessment are multi-fold, and some of them include: 

• Spatial scope – This dimension assesses wether the DT models the entire (required 
and relevant) spatial scope of the real-world. Depending on the purpose, different 
aggregation levels can be required for different aspects of an energy system. This 
will also depend on privacy concerns of involved stakeholders. The spatial dimension 
also involves the challenge of representing what is beyond the spatial scope of the 
valley itself, but still has influence on the local energy system. This could be, for 
example, the high-voltage transmission system representation, or the electricity 
wholesale market representation or the representation of weather in the broader 
region.  

• Temporal scale – This diemension assesses how often the DT collects necessary 
data for operational, prediction, and modelling purposes. For example, if it is real-
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time, per second, hourly, daily etc. As is the case with spatial scope, the temporal 
scope requirements depend on the DT purpose. 

• Energy carriers (vectors) – This dimension assesses if all relevant energy carriers 
(vectors) present in the valley are replicated by the DT.  

• Energy assets – This dimension assesses if all relevant energy assets present in 
the valley are replicated by the DT.  

 
These dimensions follow a number of requirements defined in Chapter 2.2 and can be 
assessed as Low/Medium/High, depending on how detailed they are. The dimensions are 
given as an illustrative example, and should further be worked out with the DT owners, as 
they will also depend on the objectives and specific use cases.  

5.2. Specific DT objective ASSESSMENT 

 A DT should be developed with an aim to serve a certain purpose, reflected in one or more 
objectives. These objectives should be defined by relevant stakeholders (DT “owners”), and 
their evaluation should show a benefit of having a DT. The objectives stem from different 
use cases, as defined in Chapter 1.2. Based on KPI outcomes, an evaluation of the use 
cases can be made to show the impact a DT on the objectives. To demonstrate how the 
effect of a DT installation and development can be assessed given a specific objective, a 
comparison between a baseline scenario (where no energy interventions are installed, and 
no DT is in place), a scenario with energy interventions, and a scenario with interventions 
and a DT will be performed. For example, if (increase in) self-sufficiency (SS) is the main 
objective, the following SS values can be calculated and compared: 

• Baseline SSB [%/year] - SS before the project started, no new interventions installed, 
no DT 

• Interventions SSINT [%/year] - SS after the interventions are installed, but no 
advice/optimization from the DT 

• Interventions + DT advice SSINT+DT [%/year] - SS after the interventions are installed, 
and with the advice/optimization from the DT 

SS = 100 ∗∑  ∑
E(t)𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛

𝑣 − E(t)𝑛𝑒𝑡 𝑖𝑚𝑝𝑜𝑟𝑡𝑠
𝑣

E(t)𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛
𝑣  [𝑘𝑊ℎ]

𝑇

𝑡=1

𝑉

𝑣=1

 

Depending on the objective, the evaluation of the DT replication assessment framework can 
have different requirements on the level of details. For example, if the objective is focused 
on improving a very specific subset of the network, the assessment that the DT is not a full 
replication might be less relevant. So, the focus should be on replication of the target 
subsystem, and the rest of the system could be replicated on a more aggregate value. The 
objectives also depend on specific use cases. Therefore, the KPIs in this section should be 
specified based on use cases, as defined in Section 1.2. 

5.3. Digital tools assessment  



 

 REFORMERS  

D5.1 Digital twin design requirements and initial architecture| [PU]  
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This assessment is focused on technical aspects of DT such as data quality, performance, 
and security. For now, the focus is on: 

• Data completeness [%/year] - (In)Completeness of collected data with respect to 
the model requirements and DT objective/purpose. To assess this KPI, data types, 
granularities etc. required by the model should be specified, and the assessment for 
time t with respect to DT objectives should be analyzed. Finally, a conclusion on the 
total percentage of the missing data points for time t is calculated.  

• DT modularity [unit and formula TBD] - This assessment focuses on how well DT is 
able to adapt to changes in terms of adding, removing, and changing model elements. 

o Adding X new assets 
o Adding Yk existing assets 
o Adding Zk diverse assets 
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