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for e-mobility usage. The performance of the optimization engine is dependent on the resolution of the 

available heat and electricity consumption data.   

 

 

 

 

 

 

 

2.1.8. ENFOR 

The energy forecasting and optimization platform developed by ENFOR aims at forecasting energy pro-

duction from renewable energy sources as well as forecasting electricity demand and heat demand. This 

platform enables optimal operations of renewable energy production facilities (like and wind and PV) as 

well as district heating networks. Today, ENFOR provides forecasts of approximately 25 % of the total wind 

power worldwide. In particular, the module for temperature optimization is able to lower the supply tem-

perature in district heating networks, which will improve the efficiency of heat pumps connected to such 

district heating supply networks. Furthermore, the temperature optimization module can lower heat 

losses and fuel costs by optimizing heat pump operation by the use of model predictive control. Several 

Danish district heating supply companies have adopted the energy forecasting and optimization platform 

from ENFOR, called Heat Solutions, shown in Figure 8.  

Figure 7. Scheme of the heat pump bidding product from AI-energy. 

Figure 8. Example of forecast for heat load, temperature, and solar radiation. 
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2.1.9. Center Denmark 

Center Denmark is an independent non-profit company that delivers digital infrastructure for different 

entities in the energy sector to develop novel data-driven solutions that leverage the integration of differ-

ent sectors, as seen in Figure 9. 

 

Figure 9. Data is at the core of the development, innovation and business thinking at Center Denmark. 

Center Denmark provides a Trusted Data Sharing platform with 24/7 access to energy-related data and 

digital tools. The platform provides access to historical data using a data lake setup and bi-directional data 

streaming for smart energy services such as forecasting of electricity prices and control of heat pumps. 

Using digital tools at the platform, Center Denmark is able to facilitate and support tests and demonstra-

tions in representative and scalable settings. Consequently, Center Denmark is an incubator for digital 

business models aimed at providing new data-driven services for the energy and water sectors.  

2.1.10. EnergyFlexLab 

EnergyFlexLab consists of a number of laboratories testing energy components and systems for a future 

flexible energy system, with increasing demands for smart control systems and sector coupling. Ener-

gyFlexLab uses a digital platform located on its own separate virtual-LAN network within the Danish Tech-

nological Institute. The lab setup is testing real life scenarios to analyze the degree of flexibility that cou-

pled technologies can add to an energy system, which include solar panels, battery systems, heat pumps, 

and electric car chargers.  

 

Figure 10. Main energy components in EnergyFlexLab. 
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are supermarket refrigeration systems as well as heat pumps for district heating systems. Figure 12 shows 

a diagram of the Digital Twin system operator integrated in heat pump or refrigeration system. 

 

Figure 12. Diagram of the digital twin system operator. 

The digital twins developed in the project are expected to have a modular and reusable structure, where 

physically derived thermodynamic models are integrated with data-driven methods. This is expected to 

allow the provision of monitoring, predicting maintenance and operation optimization by the use of adapt-

able models with different levels of complexity. The data used to develop and implement the adaptable 

models is estimated to be retrieved from wired sensors as well as from IoT-based sensors.  

2.2.2. EnergyLab Nordhavn 

The project EnergyLab Nordhavn has demonstrated the integration of district heating and electricity sys-

tems, as well as energy-efficient buildings and electric transport to achieve smart, flexible and optimize 

energy systems. In particular, a heat recovery unit has been integrated into the refrigeration system of a 

supermarket, seen in Figure 13. The supermarket uses a CO2 refrigeration system. Heat was recovered 

from the high-pressure side of the refrigeration cycle and supplied to the local district heating grid or to 

the building itself for space heating and domestic hot water preparation. In this way, energy is recovered, 

synergies between local energy prosumers are unlocked and the available compressor capacity of the 

supermarket refrigeration system can be exploited better.   

The closed-loop control algorithm for the system was executed in Matlab on a PC at the Technical Univer-

sity of Denmark. The control algorithm decides the optimal operation strategy based on real-time opera-

tional data as well as electricity and district heating prices. The connection to the physical system was 
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Furthermore, the heat pump has been modified to provide fast regulation services to the grid. Here, the 

optimization module (still under development) can additionally plan for the heat pump to deliver this ser-

vice, where the grid frequency is analyzed, and the module attempts to stabilize it by the adjustment of 

set points in the heat pump controllers. 

The preliminary results indicate that operating costs can be reduced by 7 % when the flexible heat pro-

duction optimization is applied and an additional cost reduction of 6 % can be achieved by delivering grid 

services. 

2.2.4. Smart-Energy Operating-Systems 

The Smart-Energy Operating-System (SE-OS) is a framework for digitalization and implementation of smart 

energy solutions for heat pumps and other energy systems. This also includes connections to the energy 

related part of e.g. water and food processing systems. The SE-OS framework consists of both direct and 

indirect (mostly price-based) control of the electricity and heat load in integrated energy systems, as seen 

in Figure 15. The system has embedded controllers for handling ancillary service problems in both elec-

tricity and heat systems. The entire setup of the SE-OS includes all layers of computing, namely cloud, fog 

and edge computing. The distributed setup of computing and data includes edge computing near the IoT 

devices.   

 

Figure 15. The Smart-Energy Operating-System (SE-OS) for digitalization of integrated energy systems. 
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The idea of the HP AutoTune concept is to adjust the set points for the heat pump, so that the highest 

possible COP is achieved for a given operating condition. The HP AutoTune will be investigated in the 

project through different approaches, among other things an approach which is based on invasive weed 

optimization (IWO).  

2.2.8. HPCOM 

The main purpose of the project was to strengthen the development and implementation of information 

and data communication technology (ICT) and infrastructure around individual heat pumps. The project 

covered data communication from household heat pump installations to the central systems, including 

distribution system operators, electricity suppliers and other service providers. 

The project focused on knowledge sharing and was centered around state-of-the-art research, develop-

ment, and demonstration (RD&D), standardization and testing facilities which have resulted in a RD&D 

Strategy and Roadmap for ICT in the heat pump area. 

     

Figure 19. Principle for heat pump datahub (high level) developed in the HPCOM project. 

Together with up-to-date knowledge within standardization and RD&D, this roadmap can be utilized by 

potential new projects within the area. The development of strategy and roadmap were done in close 

cooperation with the ICT- and heat pump industry, and at the same time, the strategy was conveyed to 

the broader energy and Smart Grid industry. 

2.2.9. Flexible Energy Denmark 

The Flexible Energy Denmark (FED) project analyzes large amounts of consumer data and consumer be-

havior. The aim is to enable the development of digital solutions that are capable of adjusting the power 
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Figure 21. Concept overview for components in the RES4BUILD energy system. 

For all solutions, advanced modelling and control approaches will be developed and integrated in a Build-

ing Energy Management System (BEMS). This will allow users to select their requirements and optimize 

the use of the system accordingly, thus exploiting the available potential for demand flexibility. 

2.2.11. Development of Fast Regulating Heat Pumps Using Dynamic Models 

The project aims at developing software tools that enhance the flexibility of large-scale heat pumps oper-

ating in integrated systems with varying operating conditions. This is approached by the development of 

a holistic control structure and a design procedure that integrates the dynamic characteristics of a heat 

pump, where it is aimed to reach higher operational performance and lower operational costs. Hence, 

digital tools are included and used actively in the development of heat pumps systems. Error! Reference s

ource not found. shows the concept for developing fast regulating heat pumps.  

 

Figure 22. Concept of development of fast regulating heat pumps based on dynamic modelling. 
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Predictive maintenance of heat pumps complemented by IoT-enabled technologies is already available in 

several technologies offered in Denmark. This includes the solutions offered by Energy Machines, LS-Con-

trol, Neogrid, Nærvarmeværket and METRO-THERM. Remote predictive maintenance enables the reduc-

tion of operation and maintenance costs by decreasing the number of times that a heat pump requires 

the physical assistance of a service technician and by taking preventive measures before it is not possible 

to avoid or mitigate the negative effects of faults in the heat pump components. R&D projects have also 

aimed at developing predictive maintenance solutions by means of digital tools. In this case, the technol-

ogies under development include digital twins, where the potential effects of fouling can be analyzed and 

predicted based on adaptive model-based frameworks, as well as advanced data-driven methods that are 

able to describe and predict the effect of faults by means of real-time measured data.     

Accessible data is one of the key elements needed towards the development of digital solutions support-

ing the sector coupling between electricity and heat sectors. The present review indicated that the digital 

data platform from the company Center Denmark is used for such a purpose in several projects. The data 

platform gives consumers in Denmark a direct opportunity for sharing energy consumption and opera-

tional data with Center Denmark, and hereby facilitating the development of energy-efficient data solu-

tions in a secure and reliable manner. Service providers or other stakeholders can then purchase anony-

mized data to develop their solutions. Currently, tens of thousands of Danish households are taking part 

in this scheme, where e.g. data on electricity, heat, water, and indoor climate are shared.   

Throughout the review, especially in the R&D projects, a number of different tools for numerical modelling 

of heat pumps were identified. This includes approaches such as white-box or physics-derived models, 

black-box or data-driven models, and grey-box models. The white-box paradigm is often applied when a 

model is required in the design of a system and/or its components, or to analyze the performance of a 

system and certain phenomena that can be described straightforwardly with physics. Contrarily, black-

box and grey-box models are likely to be applied when simplified representations of reality are sufficient 

or when it is needed to analyze operational conditions that are difficult or impossible to predict by physi-

cally-derived representations, such as faults and performance degradation. Digital twin frameworks, which 

are under development in multiple R&D projects (see sections 2.2.1 and 2.2.12), may integrate different 

types of modelling approaches, depending on the data availability, type of service, and communication 

constraints, among other factors.  

In the review, it was identified that different stakeholders will need to interact (fast) through different in-

terfaces, e.g over API interfaces, ModBus, MQTT, end-user-apps, and fog/edge-based computing facilities. 

This shows that the industry could overall benefit from making standardized interfaces to avoid having 

various suppliers using and developing each of their own. More standardized interfaces could e.g. include 

monitored data from the heat pump and the heat demand, but also electricity and heating prices, leading 

to further possibilities for incorporating comparison schemes between technologies in control and mon-

itoring digital interfaces. Current general issues with this includes a lack for standards across countries, 

e.g. within the EU, particularly on how price signals shall be communicated to the heat pump. Challenges 

for those standards include considerations about where to best locate price-forecasts, what format it 

should have, what should be the cost for access, which areas should be included, and who exactly should 

control the heat pump without compromising its lifetime? Is it the grid system operator, aggregator, or 

heat pump manufacturer? The definition of such standards may contribute to answer those questions 

and may advance towards the improvement of operation of heat pumps and energy systems. 
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The latter models, can also be trained using the 

output from the EMV as input, when the drift over 

time is interesting to monitor (e.g. refrigerant loss 

through leakages, fouling of heat exchangers etc.). 

EMV is not a predictive tool and relies on sensor 

measurements, nevertheless EMV can also be 

applied on modelled sensors, and may be 

interesting to apply for simulations of heat 

production in system simulations, where multiple 

heat pumps are connected through a thermal grid. 

EMV may find usage even in optimization of heat 

production with respect to balancing electricity 

prices, demand and thermal reservoir capacity. 
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Energy Planning and Optimization Platform  

Centrica Energy Trading 

 

Figure 1: Interface of the energy planning and optimization platform developed by Centrica Energy Trading. 

Summary of IoT case  

The energy planning and optimization platform 

developed by Centrica Energy Trading consists of a web-

based API with a data warehouse system for energy 

route-to-market services. The Centrica Energy Trading 

tool enables an optimal utilization of several asset types 

including heat pumps for district heating supply. This 

enables the optimization of energy consumption and 

production earnings as well as the minimization of 

expensive imbalances.  

 

The platform provides an estimation of the Power 

consumption, heat production, and COP of the heat 

pump based on forecasted weather variables such as 

outdoor temperature, humidity, wind direction and 

speed. In addition, the interface includes estimation of 

the varying marginal prices in different electricity 

markets.  

 

The services provided by the platform include 

coordinating heating and electricity markets, optimizing 

heat pumps for the provision of frequency regulation 

services and guaranteeing electricity prices for large-

scale heat pumps and other consumption systems. 

 

To date, several Danish district heating supply companies 

have adopted the Energy Planning and Optimization 

platform developed by Centrica. Electricity prices from the 

Nordic power exchange Nord Pool are analyzed in the 

platform, including Day ahead spot, Intraday and 

frequency regulation markets. The platform has enabled 

the correct registration at hourly level in the spot market 

and minimization of electricity and heat imbalances. 
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Artificial intelligence assisted products 

AI-nergy 

 

Figure 1: Scheme of the heat pump bidding product. 

Summary of IoT Case 

Two products from AI-energy focus on:  

1. Market bidding (pooling) of large-scale (cen-

tral) heat pumps,  

 

2. Sizing and scheduling optimization of end-

user heat pumps.  

 

Bidding of large-scale heat pumps is done based on 

the forecasted heat demand and prices, using stochas-

tic optimization. Bidding procedure also includes the 

operation on secondary (balancing) markets. A web-

based application then delivers the optimal schedule 

for the operation of a day ahead. Often, it is very lucra-

tive to provide services on different balancing and an-

cillary services markets than to focus purely on day 

ahead markets and this is what AI-nergy takes into ac-

count in its algorithms.  

 

Sizing and scheduling optimization of end-user heat 

pumps is also done via a web based application. The sys-

tem can be designed together with the potential PV and 

battery system for households, as well as with a charger 

for an electric mobility. The optimization engine improves 

its accuracy if the heat and electricity con-sumption data 

is available on a fine resolution.  

 

The platform is run in the cloud, and it can potentially 

open an API towards the end users. The software architec-

ture includes reading the technology data from databases, 

accessing the smart meter data via an API, reading IoT 

data on the status of the heat pumps and automatically 

generates scheduling procedures.  

 

The technology is currently being tested on different 

cases, and is currently focused on case studies in Den-

mark. It is planned to expand to different EU countries in 

the future.  
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Contact information 

Dominik Dominkovic 

dominik@ai-nergy.net  

+45 93 51 15 30 

 

 

FACTS ABOUT THE IOT CASE 

IoT Category: Grid services, Optimize heat 

pump operation, sizing of heat pumps 

Goal: Investment costs, operational costs, 

emissions 

Beneficiary: End-users (customers and busi-

nesses) 

Data required: Forecast, grid prices, energy 

consumption/demand 

Data interface: LAN, WLAN 

Transmission  protocol for data: RestAPI 

Analysis method: Energy balances (real-

time), optimization, data-driven methods 

Modelling requirements: Data-driven, 

white-box 

Quality-of-Service: Real-time, day-ahead 

Technology readiness level: TRL 5 

Link to webpage: 

www.ai-nergy.net  
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A key focus of the Center Denmark platform is to deliver a next generation of smart grid solutions, such that the flexibility in 

integrated energy and water systems can be used for providing low cost grid and balancing services. The software used by CDK 

is based on open source technologies such as SPARK MLib, Python, Java, and Grafana. The interface with end-users is typically 

set up using APIs.  

 

Figure 2: Data is at the core of the development, innovation and business thinking at Center Denmark. 

Smart-Energy Operating-System 

At Center Denmark the core idea is to adopt a spatio-temporal thinking where the models, forecasts, etc. are coherent across 

all spatial and temporal aggregation levels; see Figure 3. This is also reflected in the layout of the control room (see Figure 1). 

The setup is taking advantage of a so-called Smart-Energy Operating-System (SE-OS) framework, which is an operating system 

for testing and implementing integrated energy systems for data-driven operation at all aggregation levels. 

Conventional electricity markets are static curves relating the prices to the volume of produced or consumed electricity, and 

the flexibility is described by the elasticity, which then presumably is assumed constant over time. However, if a supermarket 

has provided flexibility for, say, 30 minutes, then it might not be able to provide the same flexibility for the coming 30 minutes 

due to e.g. temperature constraints of the products in the freezer.   

At Center Denmark the Smart-Energy OS facilitates a link between the high-level conventional energy and electricity markets, 

based on bidding and clearing, and the low-level flexibility at supermarkets, houses, industry, etc. The concept of a flexibility 

function, based on models and optimization, is used to establish the link between the high-level markets and the low-level 

physics; see Figure 3.  
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Figure 3: A spatio-temporal hierarchy is the core of the Smart-Energy Operating-System. 

Contact information 

Søren Skov Bording 

soren@centerdenmark.dk 

+45 2340 8612 

Link: https://www.centerdenmark.com/ 
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Project: Digital twins for large-scale heat pump and                                       

refrigeration systems  

 

 

Figure 1: Diagram of the digital twin system operator. 

Summary of IoT case  

Digital twins can be described as adaptable models that 

are able to adjust their structure based on measured data 

from the system they represent. This project aims to 

reduce the effort to develop digital twins for large-scale 

heat pump and refrigeration systems. The target groups 

are supermarket refrigeration systems as well as heat 

pumps for district heating systems.  

The digital twins developed in the project are expected to 

have a modular and reusable structure. This will be used 

to provide services such as advanced system monitoring, 

operation optimization as well as fault detection and 

diagnosis. The data used to develop and implement the 

adaptable models may be retrieved from wired sensors 

as well as from IoT-based sensors. 

Digital twins are conceived as a combination of two 

modelling frameworks, namely physics-based and data-

driven models. The first type includes simulation models 

that incorporate mass and energy balances, and empirical 

correlations of heat transfer coefficients and pressure 

drops. On the other hand, data-driven models are 

comprised of statistical models and machine learning. 

Such models will be especially useful to describe 

performance degradation of components, predict system 

performance and optimize set points as well as operation 

schedules.     

Two large-scale heat pump systems are applied as case 

studies to develop and test the digital twins. These systems 

have rated heating capacities of approximately 4 MW and 

1 MW and are used for supply of district heating. One 

system use seawater as heat source and ammonia and 

water as working fluids in separate cycles. These cycles 

include reciprocating and turbo compressors, respectively. 

The second case study is an ammonia system with 

reciprocating compressors that uses industrial excess heat 

as heat source. 

Measured data from the case study heat pumps is 

retrieved from data collection systems used for monitoring 

and control. Currently, the digital twins that are under 

development in this project use measured data from wired 

sensors only. However, it is expected that future  
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ability of the system to support real control applications 

was demonstrated. 

Contact information 

Jan Eric Thorsen, Danfoss AS, Nordborg, Denmark 

jet@Danfoss.com 

 

Lars Finn Sloth Larsen, Danfoss AS, Nordborg, 

Denmark. 

lars.larsen@danfoss.com 

 

Yi Zong, DTU Wind and Energy Systems, Risø, 

Denmark. yizo@dtu.dk 

 

Brian Elmegaard, Wiebke Meesenburg, DTU 

Construct, Kongens Lyngby, Denmark.  
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Smart-Energy Operating-System (SE-OS) framework 

 

Figure 1: The Smart-Energy Operating-System (SE-OS) for digitalization of integrated energy systems. 

Summary 

The Smart-Energy Operating-System (SE-OS) is a framework for digitalization and implementation of smart energy solutions, 

including the use of heat pumps. Also connections to the energy related part of e.g. water and food processing systems are 

included. The SE-OS framework consists of both direct and indirect (mostly price-based) control of the electricity load, heat 

load, etc. in integrated energy systems. The system has embedded controllers for handling ancillary service problems in both 

electricity and heat grids. The entire setup of the SE-OS includes all levels of computing (cloud, fog, edge). The distributed setup 

of computing and data includes edge computing near the IoT devices. The SE-OS framework is used in the central data and 

cloud hub Center Denmark which is an European Digital Innovation Hub that is used for digital business models aimed at 

providing new data-driven services for the energy and water sectors (https://www.centerdenmark.com/en/) 

A hierarchy of optimization and control problems 

The SE-OS, as shown in Figure 1 (this version of the SE-OS has a focus on electricity), is built as a hierarchy of four nested 

stochastic optimization and control layers representing aggregated consumption on various spatial and temporal scales. 

Today, the framework is used in several European projects for optimized operation of heat pumps and IoT devices. Within e.g. 

the CITIES project (https://smart-cities-centre.org/), the SE-OS has been used to implement flexible and smart grid enabled 

solutions for heat pumps, wastewater treatment plants, super markets, HVAC systems, indoor comfort, etc. Please see the 

homepage for specific examples. 
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Multi-level control and markets 

Ultimately the purpose of the future smart energy system is to establish a connection between the controllers related to IoT 

devices operating at local scales, and high-level markets, which obviously is operating at large scale. Essentially a spectrum of 

all relevant spatial aggregation levels (building, district, city, region, country, etc.) has to be considered. At the same time control 

or market solutions must ensure that the power system is balanced at all future temporal scales. Consequently, data-intelligent 

solutions for operating flexible electrical energy systems have to be implemented on all spatial and temporal scales. 

Traditionally power systems are operated by sending bids to a market. However, in order to balance the systems on all relevant 

horizons several markets are needed. Examples are day-ahead, intra-day, balancing and regulation markets. The bids are 

typically static consisting of a volume and duration. However, the Smart-Energy OS provides new and efficient methods for 

activating low-level flexibility. Given all the bids the so-called supply and demand curve for all the operated horizons can be 

found. Mathematically, these supply and demand curves are static and deterministic. Merit order dispatch is then used to find 

the optimal cost and volume. However, if the production is from wind or solar power, then the supply curve must be stochastic. 

In the future demand response will play an important role, and on the demand side the needed electricity depends on the 

history. If, for instance, a supermarket has reduced the electricity load for an hour, then the temperature constraints of the 

freezers etc. implies that the supermarket might have difficulties in reducing the electricity for the next few hours. 

Consequently, the demand flexibility has to be described dynamically. Mathematically, a so-called Flexibility Function is 

introduced, and this function is a core element of the SE-OS framework.  

Summing up, new digitized markets need to be introduced, which are dynamic and stochastic, and instead of using a large 

number of markets for different purposes (frequency, voltage, congestion, etc.) and on different horizons, a concept based on 

the flexibility function and stochastic control theory is suggested. Zooming out in space and time, i.e. and consider the load in 

a very large area on a horizon of days, or maybe next day, then both the dynamics and stochasticity can be eliminated, and 

hence, a conventional market principles as illustrated in Figure 2 can be used. Zooming in on higher temporal and spatial 

resolutions (like for instance a house), the dynamics and stochasticity become important, and consequently the use of control-

based methods for the flexibility is suggested.  

 

                       

 

 

 

 

 

 

 

 

 

 

Figure 2: Hierarchical control and markets. 
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The total setup consists of a combination of all these options, and the best option depends on the zoom level. The conclusion 

is that a new future digitized refined market principles is needed, which operate as a hierarchy of conventional market-based 

bidding and clearing on the higher levels and control-based approaches on the lower level. 

All these principles for forecasting, control, and optimization are included in the Smart-Energy Operating-System (SE-OS), which 

is used to develop, implement and test solutions (layers: data, models, optimization, control, communication) for operating 

flexible electrical energy systems at all scales. 

Data-driven digital twins (grey-box models) 

The models used for forecasting, control and optimization within the SE-OS framework are most often so-called data-driven 

digital twins or grey-box models. These models are optimized for real-time operations, and most importantly these models 

are optimized for assimilating information from available sensors into the model parameters. 

This is illustrated by the red dashed line on Figure 3 which aims at illustrating that the used data-driven digital twins or grey-

box models are simplified models of the considered system (building, wastewater treatment plant, heat pump, etc.). Please 

see the references for more information.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Grey-box models and data-driven Digital Twins. 

 

Contact information 

Henrik Madsen 

Professor, Head of section, Department of Applied Mathematics and Computer Science, 

Technical University of Denmark 

hmad@dtu.dk 

+45 2083 4304 
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Figure 2: Simple representation of the controller. 

consumer and producer by using control 

strategies for optimizing the self-consumption of 

PV electricity. The concept also includes utiliza-

tion of storage in thermal mass and electric 

batteries. 

The setup for the OPSYS test rig, can be seen in 

Figure 4. It can here be seen how the tempera-

ture control is performed by inputs from floor 

and room models, with feedback from the 

physical system. The house model (see figure 3) 

is developed in Dymola (Modelica) and imbedded 

in a python script as a FMU (Functional Mock-up 

Unit). The house model includes all constructions 

of the house, the underfloor heating system of 

the four rooms, internal gains (people and 

appliances), external gains (solar radiation 

through windows), and the ambient tempe-

rature. 

 

Figure 3: House model in Dymola. 

 

Figure 4: Physical and simulation system. 

The control of the underfloor heating system will be a 

self-learning, dynamic and modulating type. This 

means that no complex manual fine-tuning is needed, 

and the flow is kept on the right level independently 

of the number of open circuits. The modulating 

approach secures the desired average valve setting by 

pulsing the power to the telestats (and later control 

thermostats on radiators) in order to obtain a desired 

opening degree of the valves. 

Learnings and results 

The experimental platform at DTI has been 

modified and adjusted to overcome some 

regulation instability issues. It was necessary to 

install a large brine buffer tank and after that the 

test rig is operational, however the PV system is yet 

to be simulated in detail. 

The controller has also been installed in a real 

house with heat pump and a PV system. A number 

of practical problems related to communication 

with sensors has been observed. This house has 

been monitored for a while and results compared 

with the theoretical room temperatures calculated 

in the FMU house model. The project has been 

extended to allow measurements through a full 

heating season. 
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One part of the experiments is with pulsed 

operation of the regulation valves in the heating 

system which has been successfully carried out. 

The preliminary results showed a little advantage 

compared to on/off operation. 

 

Contact information 

Ivan Katic 

Danish Technological Institute 

ik@teknologisk.dk 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FACTS ABOUT THE PROJECT 

IoT Catagory: Optimize heat pump operation  

Goal: The goals for the project include system-

wide optimization of a house as energy 

consumer and producer by using control 

strategies for optimizing the self-consumption 

of PV electricity. 

Beneficiary: End-user. 

Data required: Electricity prices, dynamic 

carbon intensity of power, grid tariff signals, 

weather data, operating data from heating 

system. 

Analysis method: Model predictive control 

strategy 

Modelling requirements: Dynamic self-

learning models. 

Quality-of-Service: Real-time. 

Project participants: Danish Technological 

Institute, Neogrid, Aalborg University, Wavin,  

Bosch 

Time schedule: 2019-2023. 

Technology availability: TRL8 for control kit 

and TRL7 for the optimized control for grid 

interaction and increased self-consumption of 

PV electricity 

Link to webpages: 

https://www.teknologisk.dk/projekter/projekt-

opsys-2-0/40581 

http://www.heatpumpingtechnologies.org/annex56/
mailto:ik@teknologisk.dk
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temperatures of the sources and of the district 

heating (DH) water, a method should be found to 

isolate the studied parameters influence. A 

regression of COP during normal operation 

(outside tests) was made to compare COP during 

tests with expected COP (as it should be during 

normal operation). This regression is dependent 

on temperatures on the source side and on the 

DH side, as well as the compressors capacity. 

With this expected COP, it was much easier to 

evaluate the impact of one parameter on the 

COP. For example, as presented on Figure 5, the 

impact of the water flow through the 

desuperheater of heat pump 2 was studied. The 

results show that the higher the flow, the higher 

the performance. 

 

Figure 5 - Use of the regression to evaluate 

influence of water flow through desuperheater 

Other short-term tests will be run in Q4 2022 in 

order to study the influence of other parameters, 

such as liquid level in evaporator separator or 

water flows on the source side.  

A test campaign for evaluating HP AutoTune and 

HP doctor is planned for Q1 2023. 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Contact information 

Jóhannes Kristófersson, 

Danish Technological Institute 

jkri@teknologisk.dk 

FACTS ABOUT THE PROJECT 

IoT Catagory: Optimize heat pump operation 

and predictive maintenance. 

Goal: The goals for the projects includes 

development of concepts regarding optimizing 

the operating conditions of the heat pump and 

monitoring of the heat pump in order for giving 

notifications when the heat pump is ill and points 

out the component causing the illness. 

Beneficiary: Operater. 

Data required: Operating data for the heat 

pump. 

Analysis method Invasive Weed Optimization 

and development of analytical equations for 

COP optimization based on operation in design 

point. 

Modelling requirements: Development of 

equations for components included in the 

control loops 

Quality-of-Service: Real-time. 

Project participants: Danish Technological 

Institute, HOFOR, CTR, VEKS, Vejlegårdens 

Fjernvarmecentral, COWI, Innoterm, Dansk Miljø- 

og Energistyring, Alfa Laval, and DTU. 

Time schedule: 2016-2023. 

Technology availability: TRL 5-6. 

Link to webpages: 

https://www.dti.dk/projects/project-

experimental-development-of-electric-heat-

pumps-in-the-greater-copenhagen-dh-system-

phase-2/37419?cms.query=svaf+ 
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Figure 2: Predicted carbon intensity (green) and periods at which the heat pump is turned on (orange). The 

installation is located in Denmark. 

Summer houses with a swimming pool consume 
substantial amounts of electricity for the heating 
and humidity control. In the FED project we are 
using the flexibility of summer houses to lower 
the carbon emission and for providing grid 
services.  

The electric ity demand from summer houses is 
particularly flexible. For example, swimming pools 
have a large thermal mass, thus, the load to heat 
pool water can be disconnected or shifted with 
little consequences on the comfort of the 
occupants. This makes them partic ularly well -
suited to the provision of ancillary services and 
balancing. Field testing of the proposed setup 
involves a small but representative number of 
summer houses. For this living lab in FED it has 
been decided that 15 houses, located in Blåvand 
in Denmark, would be enough proof -of -concept.  

Using the Smart -Energy OS (SE-OS) the CO2 - or 
price -based indirect control provides a setup for 
storing excess wind and solar power, and at the 
same time the setup can provide services for the 
smart grids. Here th e Distributed Energy Sources 
(DERs), i.e., swimming pools, after receiving the 
control signals, calculate: i) the optimal con -
sumption profile within the forecast horizon, and 

ii) the set -point for the thermostat of each 
individual summer house. The contro l signal is 
based on the grid load forecasts, electricity price 
or CO2 forecasts, weather forecasts from ENFOR 
(forecast provider), and booking information from 
NOVASOL (summer house rental company).  

The results show that , depending on the actual 
layout of the summer house,  we are able to save 
15-30 % CO2 emission or similar cost savings with 
the smart control of the heat  pump, and at the 
same time we can provide both balancing and 
grid services.  Please see figure 2 for predicted 
carbon intensity and periods for heat pump 
operation.  
 
The energy consumption may at the same time 
increase with  5 % - but in a low CO2 emission or 
cost period.  
 
A similar technology can be used to control heat 
pumps e.g. in district heating networks. Using 
forecasts and model predictive control the water 
is heated when the CO 2 emission or price is low.  

The setup is a part of Uni -Lab.dk under Center 
Denmark, and a living lab under the Flexible 
Energy Denmark project .  
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Contact information 

Henrik Madsen  
hmad@dtu.dk  
+45 20 83 43 04  

 
 

 

FACTS ABOUT THE PROJECT 

IoT catagory: Grid services, optimize heat 

pump operat ion, grid services, cloud -based 

solutions.  

Goal: Minimize cost and emission while 

optimizing the comfort . 

Beneficiary: Many options.  

Data required: Weather forecasts, CO 2 

emission, price and load forecasts.  

Analysis method: Cloud based solution 
using forecasting and model predictive 
control.  

Modelling requirements: Grey-box or data -
driven digital twin models are needed.  

Quality-of-services: Near real -time . 

Project participants: Several network 
opera tors and balance responsible parties. 
Forecasting and control providers.  

Time schedule: 2019-2023  

Budget: 45 mio. DKK. 

Technology availability: TRL 7 

Link to webpage: 

https://www.flexibleenergydenmark.com/  

https://www.flexibleenergydenmark.com/
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Project: RES4BUILD - Renewables for clean energy 
buildings in a future power system  

 

Figure 1:  Concept overview for components in the RES4BUILD energy system.

Summary of project  

RES4BUILD, a Horizon 2020 project , is developing 
renewable -energy -based solutions for de car-
bonizing the energy used in buildings. The 
approach of the project is flexi ble, so that the 
solutions are applicable to a wide variety of 
buildings, new or renovated, tailored to their size, 
their type and the climatic zones of their location.  

In the heart of the solution lies an innovative 
multi -source heat pump with a cascadin g 
configuration, including a magnetocaloric (bot -
tom cycle) and a vapor compression heat pump 
(top cycle). The heat pump will be integrated with 
other technologies in tailor -made solutions that 
suit the specific needs of each building and its 
owners/users.  

These technologies will be selected on a case -by-
case basis from a mix of standard equipment 
available in the market and from novel 
components that will be specifically explored 
within the project.  

The novel components include innovative collectors 
that integrate in one panel photovoltaic cells with 
solar thermal energy collectors (PV/T) , a borehole 
thermal energy storage (BTES)  and a Magnetocaloric 
heat pump (MCHP) . For all solutions, advanced 
modelling and control approaches will be developed 
and will be integrated in a Building Energy 
Management System (BEMS). This will allow the 
users to select their objectives and to optimize the 
use of the system  accordingly, thus exploiting the full 
value of their demand flexibility.  

The project adopts a co -development approach, 
where the end -users and other relevant stake -
holders are engaged in an interactive and iterative 
process, resulting in a co -designed RES4BUILD sys-
tem that  meets technical and non -technical user and 
installer re quirements. In parallel, a full life cycle 
assessment (LCA) and life cycle economics (LCE) 
analysis will be carried out, showing from an early 
stage the real impact of each proposed design. The 
diverse consortium and the dedicated 
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exploitation tasks will connect the project with 
the market, paving the way for wide application 
of the developed solutions.  

Two pilot systems will be constructed focus ing on 
integrated systems where the innovative 
components of RES4BUILD are combined with 
the advanced control  delivered by Thermovault . 
The two pilot  systems will be developed in 
Denmark and Greece , respectively  at the Danish 
Technological Institute  (DTI) and at National Cen -
ter for Scientific Res earch Demo kritos ( NCSRD). 

The two pilot systems have many similarities 
since the general purpose is to validate the 
concept in two locations with different building 
energy needs  and climate  conditions.  A major 
difference between the two pilot systems will be 
the  heating/cooling demand, since t he pilot 
system at NCSRD will be a real building  
corresponding to a small office  building , while the  
pilot system at DTI  will be installed in the 
laboratory and therefore  the demand will be  
simulated with the use of a virtual building , 
modelled in Modelica by  the company  VITO 
Energyville . Both pilot systems will be  tested over 
a one-year time frame.   

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Contact information  

Michael Papapetrou, WIP  
michael.papapetrou@wip -munich.de  

FACTS ABOUT THE PROJECT 
IoT Catagory : Optimize heat pump operation   

Goal:  Decarbonizing energy consumption in 

buildings by developing integrated renewable 

energy -based solutions  for achieving the EU 

energy and climate goals.  

Beneficiary : Operater  and end -user. 

Data required: Operating data and weather 

conditions . 

Analysis method Performance analysis of overall 

pilot systems  and validation of the building 

management system.  

Modelling requirements:  Dynamic  model of the 

building  made in Modelica , and made available as 

a Functional -Mock-up unit.  

Quality -of -Service:  Real-time . 

Project participants:  15 partners from 8 countries  
Time schedule : 2019-2023 

Technology availability:   Mix of novel and 

standard equipment.  

Link to webpage s: 

https://res4build.eu/ 

 

 

Figure 2: Preliminary  test setup with the multi -source heat pump at Danish Technological institute . 
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Project: Development of fast regulating heat pumps using dynamic models  

 

 

Dynamic modelling Holistic control structure Fast regulating heat pumps

Advanced component 
and system design

Sink

Source

Power

 

Figure 1: Concept of development of f ast regulating heat pumps based on dynamic  m odelling .

Summary of project  

The project develops software tools that enhance 
the flexibility of large -scale heat pumps operating 
in integrated systems with varying operating 
conditions. This is approached by the devel -
opment of a holistic control structure and a 
design procedure that is considering dynamic 
aspects, yielding higher overall performances 
and lower operating cost.  Hence, digitalization is 
included and used actively in the development of 
heat pumps system.  

In order to use large -scale heat pump systems  
most effectively and exploit their potential with 
regards to sector coupling, a sophisticated 
integration into the given boundary conditions is 
paramount. The increasingly flexible integration 
of large -scale heat pumps does, however, imply 
certain challen ges for the equipment, as short 
reaction times are required.  

This project provide s an advantage when 
designing and operating heat pumps, which are 
to be integrated in the energy system. The 
platform for modeling the transient operation  

 

enables Johnson Controls to create a digital re -
presentation of their systems to perform trouble -
shooting for site and plant specific interactions.  

Furthermore, the dynamic modelling platform 
will provide the basis for integrating digital 
modelling approaches more thorough ly in the 
design process of Johnson Controls heat pumps, 
which is expected to imply significant advantages 
compared to the conventional design pro -
cedures.  

Johnson Controls is the overall project manager 
and leads the application and demonstration 
activities. Danish Technological Institute leads the 
development, implementation and validation of 
component and system models, which will serve 
as the basis for th e development of advanced 
design procedures and a holistic control struc -
ture, which is led by the Technical University of 
Denmark  (DTU Construct, Section of Thermal 
Energy). 
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Figure 2: Johnson Controls Heat pumps with 
Uni SAB III controller.  

Learnings  and results  

Dynamic model s of various  heat pump system s are 
developed  in Dymola (Modelica) and visualized in 
DaVE, where the results are  compared and 
validated with operating data from a reference 
plant , see Figure 3. 

 

Figure 3: Initial comparison of operating data and 
simulation data.  

One of next steps in the project is to simulate 
various scenarios during fast changing operating 
conditions, e.g. , a sudden change in temperature 
on the sink side of the heat pump, where different 
control strategies then will be tested for 
accommodating this.   

Demonstration of the developed control  strategies  
is planned for the reference plant in the final phase 
of th e project.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Contact information  

Klaus Vinther, Johnson Controls  
klaus.niels.vinther@jci.com  

 

Kenneth Kramer , Danish Technological Institute  
kkra@teknologisk.dk  

 

Wiebke Meesenburg , DTU Construct  
wmeese@mek.dtu.dk  

FACTS ABOUT THE PROJECT 
IoT Catagory : Optimize heat pump operation  and 

installation error analysis  

Goal: Support development of large-scale heat pump 

systems for faster response time and hence e.g. 

exploit their potential with regards to sector coupling  

Beneficiary : Manufacturer  and operator  

Data required: Operating data and datasheets  for 

heat pumps components  

Analysis method Visualization  and analysis of 

modelling results for heat pump operation during 

dynamic changing operating conditions. Simulation 

model first requires validation based on real time 

operating data  

Modelling requirem ents: Dynamic model  made in 

Dymola ( Modelica ) using the TIL library from TLK  as 

starting point . Models includ es data -driven 

submodels . 

Quality -of -Service:  Real-time  

Project parti cipants: Johnson Controls, DTU 

Construct, Section of Thermal Energy , and Danish 

Technological Institute  

Time schedule : 2020-2023 

Technology availability: TRL 6-7 

Link to webpage s: 

https://www.johnsoncontrols.com/en_sg/industrial -

refrigeration/chillers -and-heat -pumps  

https://www.dti.dk/dynamic -modelling/42634  

https://construct.dtu.dk/Sections/thermal-energy 
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