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EXECUTIVE SUMMARY 
 

During the STORM (Self-organising Thermal Operational Resource Management)-project an advanced self-learning 
controller for district heating and cooling (DHC) networks is developed, demonstrated and deployed. The controller 
will control the supply side through the consumption side (‘demand side management’) of the DHC network. The 
general applicability will be guaranteed by the following measures:  

• Three control strategies are included in the controller (Peak Shaving, Market Interaction, Cell Balancing). 
Dependent of the network, one or more of these strategies can be activated.  

• The controller will be an add-on to many existing DHC network controllers and SCADA systems.  

• self-learning control techniques will allow a wide range implementation by reducing the required expert 
knowledge to a bare minimum.  

 

The STORM controller 

The STORM controller has been demonstrated in two existing networks: one highly innovative low-temperature 
network in Heerlen, The Netherlands (section 2.1.1) and a more common medium-temperature network in Rottne, 
Sweden (section 2.1.2). By implementing the STORM-controller, the efficiency of thermal networks will be 
improved by applying one or a combination of control strategies like Peak Shaving, Market Interaction and Cell 
Balancing. 

 
The new developed intelligent controller has arisen from new control algorithms, developed within the STORM 
project and is implemented in the existing control framework of NODA, one of the consortium partners. The 
intelligent STORM controller runs on a server hosted by NODA. To connect a DHC system, the STORM controller is 
digitally linked to the control systems of the participating buildings as well as the production and distribution 
system. This link can be established using a) sensor override technology, b) gateway solutions, including building 
automation systems or c) full integration with an existing data management system. Furthermore, additional 
measurement devices, such as indoor sensors, can be added if required. 
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Both demonstration sites have been operational before the start of the STORM project and, apart from climate 
conditions, subject to constant changes during the course of the project, such as extra connections, changing energy 
demand by customers, etc. Reference data was obtained from VEAB (fuel usage, consumer demand) and NODA 
(heat meter data from each building, outdoor temperatures) as well as from the Mijnwater PRIVA operating system 
(flows, temperatures, outdoor and indoor temperatures, which were directly connected and logged to the NODA 
servers. 
 

Testing the controller 

Testing the STORM controller technology in operational district heating systems means that Quality of Service (QoS) 
needs to be ensured. 
Both in Rottne and in Heerlen, only a limited control over the heat/cold demand could be achieved. Although in the 
Heerlen demo site via the BMS all buildings as well as all system components were linked to the STORM controller, 
it appeared to be impossible to fundamentally intervene in building’s climate control. The reason for that was the 
lacking cooperation of the building owners.  
In the Rottne demo site only a smaller part of the buildings within the Rottne DH system has been connected to the 
STORM controller, allowing only about 35% of the heat load to be controlled. This results in a lower impact of the 
STORM controller than would be possible if 100% of the heat load were connected. Unforeseen behaviour from 
the unobservable load will have a disturbing impact on the heat production load, with limited possibilities to 
diagnose. 
 

Evaluating the testing results 

To be able to evaluate the functioning of the controller (chapter 3) we found it important to analyse the various 
components of the controller, such as the Forecaster (section 3.1), Tracker and vDER (section 3.2) and Planner 
(section 3.3), first. 
 

Forecaster 

The general conclusion is that the STORM forecaster algorithms perform very well. Since the control objective in 
the Rottne network is Peak Shaving and Market Interaction, it is important to know when a peak occurs and how 
long it will last. It is shown that the forecaster algorithms are able to predict this very well in Rottne.  
Because the fact that the Mijnwater network in Heerlen is entirely different to the situation in Rottne, due to its 
very innovative nature, it was decided to control the flow rate rather than the heat load. However, the flow rate 
pattern turned out to be extremely fluctuating, which made forecasting extremely difficult. Further analysis of the 
forecaster performance was therefore not performed on the Heerlen demo site. However, the STORM controller 
uses a short-term forecaster even in the Heerlen case, in order to optimise its operational behaviour. 
 

Tracker and vDER 

The Tracker and vDER comprise vital parts for the STORM controller, since they interact to dispatch control signals 
to apply them to the individual buildings. 
The primary purpose of the Tracker is to receive control plans from the Planner, and to disassemble these plans 
into control signal for the individual buildings. The vDER is a software agent, responsible for the behaviour of the 
individual building. The primary purpose of the vDER is to synchronise the process of accepting control signals from 
the Tracker, while simultaneously ensuring quality of service in the building. 
The conclusion is that the Tracker as well as the vDER are mature components of the STORM controller, and that 
they are performing their tasks as expected. 
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Planner 

Results on Peak Shaving 

The results of the Peak-Shaving tests in the Rottne demonstration site led to a reduction in the peak consumption 
of 7.1 MWh (3.1%) compared to the reference scenario without the STORM controller active. It should be 
considered that only 9 buildings have been controlled, representing around 35% of the heat load on average. This 
peak heat reduction has been achieved despite an overall heat production increase, due to the influence of the 
large uncontrolled part of the building stock in Rottne. If this influence is corrected for, then a peak heat reduction 
of 12.75% can be determined. 
 
In the 5G DHC Mijnwater system in Heerlen, mountainously with the Cell Balancing testing, by controlling the flow 
at the supply side of the cluster installations, the results of Peak Shaving could be observed as well. Reduction of 
the flow on the supply side means an increased activity of the heat pumps in the power plants with a greater cooling 
of the return flow in heat mode as a result. This means a larger dT in the system, so a higher capacity per volume 
of water. It has been found that the controller was able to reduce the flow over the entire test period for a long 
time without jeopardizing the energy delivery to customers. From the evaluation of the results, a peak shaving 
potential of 17.3% could be determined with, as a derivative, a simultaneous capacity increase of 42.1% (see results 
on Cell Balancing). 
 
Results on Market Interaction 
The Market Interaction strategy, tested on the Rottne demo site, uses both charging and discharging to adapt to a 
set of numerical values. In the case of CHP, these numbers represent a forecast of spot-prices for electricity, which 
is the origin of the market part of the name of this control strategy. Based on this forecast, the STORM controller 
will try to move heat demand to match higher spot prices, thereby increasing the financial gain of selling electricity 
while still ensuring heat delivery. The Market Interaction control algorithm can also be used for DHC systems 
without CHP, in which case the purpose is to avoid high production costs and premiere low costs. This versatility 
makes Market Interaction a powerful control strategy, and it now forms the foundation of several commercial spin-
off projects based on the STORM technology.  
The primary conclusion is the ability to both charge and discharge alternatively in order to track the requested 
behaviour from the earnings/cost forecast. The ability to charge and discharge has been shown to range between 
30-50 % in short-term demand on individual building level.  
If in a district heating grid with high electricity costs (e.g. those including heat pumps), the situation where the 
highest peak values can be flattened to the average values, this would mean a 15% price reduction on the electricity 
purchase during this short period of time. Combined with the ability of the controller for charging and discharging 
of 40% on average, the conclusion would be that the procurement costs of electricity could be lowered with 6%. 
This option of the controller will be of great importance, especially for all electric systems such as that of Mijnwater, 
especially when sufficient thermal buffering has been provided in the system, making it possible to charge energy 
independently of the energy demand at times when the electricity price is most favourable. 
 
Results on Cell Balancing 
Although Cell Balancing was specifically developed for and studied in the Heerlen demonstration case, the concept 
is also viable for more general distribution optimisation in generic grids in order to facilitate a more balanced 
distribution behaviour.  
Since the Mijnwater System consists of a number of clusters connected to the backbone with all buildings 
connected to those clusters, there is the possibility of influencing supplying flow at both cluster level and building 
level (Peak Shaving). As discussed, as a result of this, due to the higher activity of the heat pumps in the power 
plants, the dT and thereby the capacity of the system (clusters and/or backbone) increases. This capacity increase 
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not only creates room to connect more buildings to the system, but also offers the possibility of influencing the 
mutual exchange rate between buildings and/or clusters (Cell Balancing).  
From the evaluation of the tests performed, an improved capacity could be derived ranging from 37% up to 49%. 
The determined median value was set on 42.1% on capacity improvement. In the Heerlen case, Cell Balancing and 
Peak Shaving will have a simultaneous effect that leads to a combined capacity improvement of 52% which 
corresponds with a total of 48,200 normative Home Equivalents (nHE) extra to be connected to the existing system.  
 

Conclusions 

The development of the controller to full active mode took longer than expected, as a result of which the actual 
testing of the controller could only take place at a late stage in the project. Above that and unexpectedly, it 
appeared that in Heerlen the operation of the controller in cooling mode did not have the desired result. Therefore 
the test strategy and supplementary programming (from direct influencing the energy demand of connected 
buildings to temperature-dependent influencing the supply flows) had been adjusted.  
 
The results as analysed from these tests however, are extremely promising, despite the shortened testing periods. 

Evaluated results of the STORM controller 
Peak Shaving 3.1% to 12.75% (Rottne) on peak heat load 

up to 17.3% (Heerlen) on flow 

Market Interaction 31% to 49% on electricity purchase 

Cell Balancing up to 42.1% (Heerlen) improvement of system capacity through improved energy exchange 
potential  

Sustainability • 10-15% of annual energy savings of buildings, especially in combination with the Smart Heat 
Building service, up to more than 20% of the controllable load for extended periods of time (2 
- 3 hours), and towards 40% during shorter periods of time; 

• In Rottne, the CO2 emission of another 10,880 tonnes per year can be avoided. 

• In Heerlen, an additional amount of approximately 12,816 tonnes of GHG emissions can be 
saved. 

 

 
The controller has undergone an enormous change during the course of the project. Not only different features are 
built in, but the controller has also been adapted and is now suitable for use on multiple generations of energy 
networks.  
Without the learning process that the consortium partners have gone through, it would not have been possible to 
bring the controller to the level where it now has its scope. 
 
It is recommended, that even after the termination of the STORM project, to continue the tests of the controller 
on both demo sites in order to collect more data and to be able to substantiate the obtained results even better. 
Furthermore, in order to be able to achieve an even greater impact on the efficiency of highly innovative DHC 
networks, the controller should also be made suitable to control residual energy flows in combination with thermal 
buffering. This allows energy companies to take the step to total integrated energy management. 
 

Market potential of the controller 

It is clear that Demand Side Management in DH networks will become increasingly important in the coming 
decades, during the transition towards 4G DH networks. The integration of sustainable heat (such as heat from 
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fluctuating renewable sources or excess heat from industry) can only be exploited to its full extend, when DH 
networks are controlled in a smart way.  
The versatility of the STORM controller, with an explicit focus on both traditional (3rdG) and modern (4th to 5thG) 
DHC systems, facilitates a broader market potential by being able to address a range of applications. The European 
District heating market is currently worthwhile about 35 Billion Euro, and will grow with about 50% in the coming 
10 years. The Total Addressable Market in Europe with about 6,000 DH networks in continental Europe, would 
amount to about M€29.8 per year for the STORM controller. If these data are extrapolated to the other European 
countries, taking into account the probable coverage ratios for DH in 2050, the total addressable market for the 
controller could increase to about M€196.4 per year.  
 
The STORM controller technology is based on generic use cases, versatile and flexible and can be extended to other 
domains or technologies. This primarily relates to the Market Interaction strategy, and to some extend to the Cell 
Balancing concept. Future developments have to be made on the markets/technologies of district cooling, thermal 
energy storage systems, cogeneration as well as heat pumps integration and control.  
 

Reading guide 

The reader will find a description in chapter 2 of the way in which the tests took place at the two demo sites, while 
in chapter 3 the evaluation of the tests is described. The discussion about the evaluated results can be found in 
chapter 4, while chapter 5 is reserved for conclusions, lessons learned and recommendations. 
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GLOSSARY / LIST OF ACRONYMS 
 

ACRONYM DEFINITION 

ICT Information and Communication Technologies 

BMC Business Model Canvas 

BMS Building Management System 

CAPEX Capital Expenditures  

CB Cell Balancing 

CHP Combined Heat and Power 

DC District Cooling 

DES District Energy System(s) 

DHC District Heating and Cooling 

DHC networks District Heating and Cooling networks 

ETS Energy Transfer Stations 

ES Energy Station owned by Mijnwater at customer site 

FGHR Flue Gas Heat Recovery 

GHG Green House Gases 

geoDH Geothermal District Heating 

HEX Heat Exchanger 

HP Heat Pump 

LCC Life Cycle Costs 

MI Market Interaction 

nHE Normative Home Equivalent 

NZEB Nearly Zero Energy Building 

OPEX Operational Expenditures 

Prosumer A consumer that produces energy 

PS Peak Shaving 

RES Renewable Energy System(s) 

TCO Total Cost of Ownership 

TSO Transmission system operator 
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1 INTRODUCTION 

1.1 INTELLIGENT STORM CONTROLLER FOR DHC-SYSTEMS 

During the STORM (Self-organising Thermal Operational Resource Management)-project an advanced self-learning 
controller for district heating and cooling (DHC) networks is developed, demonstrated and deployed. The controller 
will control the supply side through the consumption side (‘demand side management’) of the DHC network. The 
general applicability will be guaranteed by the following measures:  

• Three control strategies are included in the controller (Peak Shaving, Market Interaction, Cell Balancing). 
Dependent of the network, one or more of these strategies can be activated.  

• The controller will be an add-on to many existing DHC network controllers and SCADA systems.  

• self-learning control techniques will allow a wide range implementation by reducing the required expert 
knowledge to a bare minimum.  

 
The new developed intelligent controller will arise from new control algorithms, developed within the STORM 
project and is implemented in the existing control framework of NODA, one of the consortium partners. The 
intelligent STORM controller runs on a server hosted by NODA. To connect a DHC system, the controller is digitally 
linked to the operating system of the DHC provider. This linking demands integration, installation and 
commissioning of the system in buildings and other systems, such as:  

• a gate way - physical controller to access a large amount of buildings.  

• If required and indoor temperatures are not available in the BMS: temperature sensors or NODA boxes 

• A demat-solution providing measurements per hour, going into already existing IT systems 

• Installation works for linking the STORM controller to the client’s management system.  

 
The algorithms developed in STORM require a physical implementation to fit into because many market actors 
require a more complete service offer. The ICT platform used in the STORM project is one such implementation, 
enabling to put the algorithms into a relevant context.  

Figure 1: overview of the STORM smart heat grid 
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The ICT platform itself is based on the NODA Smart Heat Grid system. In the STORM project certain parts of this 
system have been further developed. The operational modules in the Forecaster, Planner and Tracker have been 
further developed using algorithms from STORM, while the other modules, most notably the Narum platform, 
create the framework within which these algorithms operate (see Figure 1). The platform also includes the capacity 
to interface with existing control and supervision systems of different kinds. The Access layer is a collection of 
processes and tools to integrate a large range of systems on the market.  This is further elaborated in the STORM 
deliverable D3.2 Controller Framework Compatibility report (public). This makes it possible to integrate the STORM 
controller with a range of building automation systems as well as different types of IT-based systems.   
 
The generic NODA Smart Heat Grid system that the STORM Controller is built upon, uses the latest industrial 
standards for secure communication. This relates all versions of access technology used to communicate with the 
system, either sensor override (like in the Swedish demo), building automation technology (like in the Dutch demo) 
or full IT-integrations (like most current commercial projects).  
The STORM Controller is deployed on the Amazon AWS cloud platform, and as such exploits the in-built security 
functionalities provided by that platform provider. The default communication system used by the STORM 
controller always uses the latest version of TLS/SSL as a cryptographic protocol to provide secure communication. 
Currently this is TLS 1.2 with SHA-256 RSA for certificate signature validation. Using TLS facilitates private and secure 
communication through symmetric cryptography, identity authentication and message integrity.  
 
Furthermore, NODA is fully compliant with GDPR, and has an active policy to enforce security measurements in all 
commercial projects.  
 
After the two systems have been linked, the controller will perform one or more control strategies based on 
predicted climate data making use of self-learning techniques to incorporate knowledge from the past (Peak 
Shaving, Cell Balancing and / or Market Interaction) on the customer's operating system. 
The DHC-company has a continuous view of her own data and can, in consultation with NODA, intervene if it 
appears that the controller does not meet the set requirements. On a regular basis, NODA will consult with the 
client by means of reports and evaluations to discuss the results achieved and the strategy for the subsequent 
period. 
 

1.2 OBJECTIVES 

The objectives of the STORM project are : 
1 To develop a generic controller for district heating and cooling (DHC) networks.  

The controller will be applicable to a wide range of DHC networks and will enable a significant increase of the 
use of waste heat, energy exchange and renewable energy sources in the DHC networks. The developed 
controller will control both the supply side and consumption side (‘demand side management’) of the DHC 
network.  

2 To implement and demonstrate the controller in two existing DHC networks. 
To present this general applicability, the controller will be demonstrated in two very divers, existing networks:   

• A traditional medium-temperature district heating network in Sweden, heated by bio-fuel boilers in 
combination with bio-oil boilers.  

• A highly innovative 4-5G-DHC network In the Netherlands. This network supplies heat at low temperature 
(28°C) and cold at high temperature (16°C) to a number of low-energy buildings. The network is supported 
by an underground mine water thermal storage system. 
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3 To quantify the benefits of the developed generic control 
This will be dealt with during testing of the controller at the two demonstration sites. For this purpose, 
performance indicators will be closely monitored during heating (and cooling) seasons and compared with 
reference data. 

 
Further objectives of the project, such as the development of innovative business models, the increase of 
awareness of the need for smart control of DHC networks and ensuring market-uptake are further worked out in 
the Deliverables D6.2 Economic assessment of business models for DHC networks operators and D6.3. Replication 
and Exploitation plan for STORM concept. 
 
During the course of the STORM-project business-as-usual data is gathered from the two demonstration sites as a 
reference for the evaluation of the developed STORM controller framework.  The data collected from the test 
periods is extensively analysed with regards to the performance of the developed controller framework. This 
deliverable will present a summary of the defined conclusions regarding proper operation in the two grids, energy 
saving capabilities, leading to effects on business management. Therefore the outcome of this evaluation will be 
implemented in D6.2 Economic assessment of business models for DHC networks operators.  
 
Furthermore, in D6.3 (Replication and Exploitation plan for STORM concept) the analysis of the results will be 
translated in the opportunities for the STORM-controller to be replicated in different situations in Europe and 
recommendations will be made for further development of the STORM-controller.  
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2 TESTING OF THE CONTROLLER AT THE DEMO SITES 

After a short description of the two demo sites, namely the DH system of VEAB in Rottne (Sweden) and the DHC 
system of Mijnwater in Heerlen (The Netherlands), this chapter discusses how the STORM controller has been 
tested and to what results that led, see Chapter 3.  
 

 

2.1 DEMO SITES 

2.1.1 Mijnwater Heerlen (NL) 

The Mijnwater-project in Heerlen is a thermal (ultra-low temperature) 5th generation smart DHC grid connected to 
geothermal storage of the mine water reservoirs from the abandoned coal mine corridors. As such the Mijnwater-
project has the potential of reducing Urban Energy demand by over 80% and -as an all-electric system- offers an 
important contribution to CO2-reduction targets.  

 
The original Mijnwater Interreg pilot (Mijnwater 1.0) just aimed to gain geothermal energy from the mine 
reservoirs. Thereafter the system has evolved into a smart DHC grid, organized into clusters of buildings. This 
Mijnwater 2.0 grid exchanges energy, provides additional buffers (on different time levels) and is fed by multiple 
renewable sources. Each building is connected by a decentralized energy station, where the -time dependent- 
temperature demand is ensured by all-electric heat pumps. The heating of buildings generates cooling for data 
centres, stores and offices and vice versa. If an unbalance for heat or cold occurs in the cluster grid, the Mijnwater 
backbone will transfer this residual energy to other clusters or -in the end- to the mine water reservoirs.  
 

Figure 2: The Mijnwater backbone with its connected clusters in the city of Heerlen (NL) 
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The energy flows are optimized and controlled by a full automatic demand-driven process control system. In this 
way the mine water reservoir shifts from a geothermal source to a geothermal seasonal storage.  
 
Mijnwater focuses on two main developments: 

• Expanding a hydraulic thermal exchange grid that connects buildings with each other through local cluster grids 
and connects these geographically dispersed grids and a mix of local sustainable resources with the mine 
reservoir through a mine water backbone. 

• Exploiting the huge mine water reservoir for the extraction and storage of thermal energy. 
 
Currently the Mijnwater-system consists of two hot and two cold wells. These wells are connected by means of a 
pipeline system (the so called backbone) through which, depending on the demand, mine water flows. The wells 
are bi-directional: this means that water (=energy) can be both extracted and infiltrated. Pressure maintenance and 
buffer installations at the wells guarantee that the desired flow can always be supplied to the system. The energy 
exchange with the clusters takes place through energy exchangers in the cluster installations.  

 
At the moment there are 3 operational cluster grids (A, B and C) while de development of cluster D is in progress. 
Cluster D has a high potential of gaining residual heat because of the presence of industries like an iron melting 
factory and production plants for liquid detergents and even soft drinks. The cluster grids are conventional two-
pipe systems to which the buildings are connected.  
 
Each building has its own power plant with heat pumps. In contrary to conventional DHC-systems the concept is 
not based on supply management, but optimized on demand. As a result there is no central energy plant in the 
grid. In fact the Mijnwater grid is connecting a cloud of heat pumps in buildings, which provide the right building 
conditions while also maintaining the temperature conditions in the grid (utilizing the backside of the heat pumps). 
Therefore Mijnwater is forming an energy cloud, where each connection is intervening either to consume or to 
produce energy.  
 

2.1.1.1 Provision of heating and cooling 

The Mijnwater system has no energy-production units as such. Basically the temperature difference of 12-15 K 
between the warm and cold wells is used to provide the customers with the desired warm and cold energy. In fact, 

Figure 3: Mijnwater system: 3 levels of control  
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the heat pumps in the customer power stations provide clients with the desired temperatures and required return 
temperatures so that energy flows can be exchanged as much as possible in the total system. 
The Mijnwater system is entirely powered by electrical energy (for heat pumps, wells, transportation pumps, etc.). 
Currently, there are 3 sites with a PV installation in order to provide the energy stations of the connected customers 
with sustainable electricity. It is the intention of Mijnwater to increase the share of solar PV considerably. 
 

2.1.1.2 Consumption of heating and cooling  

The ratio between heat and cold delivery in the Mijnwater system is almost equal over the years 2014-2018. By 
linking as many cold receivers as possible (such as data centres and supermarkets) to heat users, Mijnwater tries to 
optimize the balance between cold and heat supply as much as possible in order to reach a high level of energy 
exchange between customers (that are in fact prosumers). While the highest degree of exchange between 
customers is reached in cluster A (64%), at the moment the year-round average exchange level is 44% for the entire 
system. 

 
There are clear demand peaks during the winter months for heating, as well as for cooling during the summer 
months. The intermediate periods (such as spring and autumn) will be the best for reaching the highest exchange 
rates. With the help of the STORM controller, in addition to the effects on Peak Shaving, the exchange rate will be 
improved, leading to lower electricity costs, to higher capacity of the system and thus to a better financial result. 
 
At the moment the total connected surface amounts to 177,291 m2 with a wide variety of owners and buildings.  
 

2.1.1.3 Implementing the STORM controller in the Heerlen demo site 

The STORM controller can be implemented in different ways in different settings. Mijnwater chose to implement 
the Peak Shaving and Cell Balancing control strategies. 
 
Peak Shaving by offsetting outdoor temperature 
The STORM controller is designed to directly influence the energy demand of a building via an offset on the outdoor 
temperature. By smoothing the energy demand of buildings in this way, demand peaks are levelled off. On top of 
that the demand of the building can be shifted to different hours of the day (for instance at 5 or 6 o’clock in the 

Graph 1: Total delivered energy to customers 2014-2018 



STORM Project  H2020  Grant Agreement #649743  
Call: H2020-EE-2014-2-RIA  Topic: EE-13-2014  Instrument: RIA 
 
 

D5.1 -Report on the performance of the controller
March 2019  Author: NODA, VITO, Mijnwater 
 

 

Page 24 out of 78 

morning instead of 8 o’clock at office start) whilst the delivered energy is stored in the thermal mass of the building. 
By influencing the energy demands of several neighbouring buildings, the demand peaks can be spread over a much 
longer period resulting in a lower overall peak.   
 
Extensive measurements during the cooling season 2018 have shown that this method of Peak Shaving did not lead 
to the desired results. Influencing the energy demand via an offset of the outdoor temperature control appeared 
to be limited, especially in cooling mode. The effect of influencing the outdoor temperature only led to temporary 
demand reductions; shifting the energy demand to other times only appears to be possible if the control of the 
building thermostats is also obtained.  
In heating mode, the temperature difference should be larger, so it should be possible to control a lower supply 
temperature to the building by adjusting the outdoor temperature (consequence: lower temperature on the 
heating curve), resulting in less energy being supplied to the building and as a result a longer time for heating up 
the building (=Peak Shaving). Increasing the supply temperature by offsetting the outdoor temperature is also 
possible only for a very short period, because thermostats in the building will switch off the supply sooner, after 
which a (short) period of cooling occurs until the building demands heat again. The pre-loading of a building with 
energy is therefore hardly achievable.  
 
The main problem is that nor Mijnwater nor NODA are able to directly influence the BMS of the connected buildings 
and will not get the permission from the building owners to do so. And above that most buildings in the Mijnwater 
network react slowly due to the presence of concrete core activation, so that only a few buildings are suitable to 
be directly influenced by the STORM-controller.  
 
Peak Shaving and Cell Balancing by influencing the volume flow  
Another option that could potentially have more effect, especially with regard to Peak Shaving and Cell-Balancing, 
is (depending on the outdoor temperature) manipulating the supply capacity from the cluster to the energy stations 
(ESs) in the buildings. 

 
Figure 4: scheme of the Mijnwater Installation with the Energy Station at customer premises 
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When limiting the flow, the supply temperature on the secondary side of the heat exchanger will decrease (in 
heating mode) or rise (in cooling mode). The heat pump installation that has to supply a certain demand will realise 
a lower (in heating mode) or higher (in cooling mode) return temperature by further cooling down or heating up 
the cluster water. The heat and cold capacity of the ES on the building side will hardly change. Because the ES 
receive less heat or cold, they will work harder to provide the connected buildings with the right temperature. As 
a result, the cooling/heating is increased so that a larger temperature difference is created in the cluster system. 
This means that more energy can be transported per m3 for another connection in the same cluster. In other words: 
improved Cell-Balancing as well as Peak-Shaving due to less required volume flow.  
 
By adjusting the flow in one cluster it should be possible to provide another cluster with the desired energy with 
less m3 (because of the larger dT) and that again leads to improved Cell Balancing. The flow from the cluster to 
each energy installation is made outdoor-temperature dependent. With this method, however, it is not possible to 
decrease the energy demand of the buildings. For this you will have to intervene on the "thermostat 
settings/regulations" of the Building Management System (BMS). 
 
 

2.1.2 Rottne (SE) 

Rottne is a small city located about 19 kilometers north of Växjö city and has 2.427 inhabitants1.  The total land 
surface area in Rottne is 1.930.000 m²2, of which 201.137 m² is built area, visualized in Figure 4. Rottne consist 
mostly of built-up area, but also some green areas.  
 
Rottne is a part of Växjö Municipality and in nearly the entire Växjö municipality, district heating is dominating as a 
heating source. In Rottne, a typical 3rd generation DH network is implemented. Within the city of Växjö the 
production of energy is bio-fuel based, by a combined heat and power production plant, which generates both 
heating and electricity at the same time and also district cooling by absorption cooling machines and free cooling.  
 
Acting in a kind of mature market, it is essential for VEAB as provider of heat to consider energy efficiency, reduce 
environmental impact and have an economical beneficial production and distribution.  

                                           
1  https://www.scb.se/hitta-statistik/statistik-efter-amne/miljo/markanvandning/tatorter-arealer-befolkning/, [Accessed: July 

5, 2018]                    
2  https://www.scb.se/hitta-statistik/statistik-efter-amne/miljo/markanvandning/tatorter-arealer-befolkning/, [Accessed: July 

6, 2018]                    
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The DH business in Rottne has reached a point where, due to competitiveness, increasing the price of the heat is 
no longer possible, so alternatives that lower the expenditures and costs of production and distribution are needed. 

 

2.1.2.1 Production of DH 

District heating within the geographic borders of the municipality of Växjö is managed by Växjö Energi AB (VEAB), 
which in turn is owned by Växjö Municipality. The district heating system in Rottne, Sweden, is a traditional 3rd 
generation system with a high temperature distribution network. The production plant in Rottne was put into 
commission in September 1998 and extended in 2004. In 2012, the production plant in Rottne became completely 
fossil free with the introduction of biofuels.   

Figure 5: The city of Rottne, the blue line in the right figure visualizing built area. (source: Växjö Municipality, 
2018). 
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The biomass originates from the surrounding forests and forest industry close to Rottne. The production in Rottne 
uses wood chips, branches and peaks to produce district heat, and RME for peak load usage, as a backup. The plant 
is based on two bio-mass (wood chips) boilers at 1.5 MW and 1.0 MW, which is then complemented with one bio-
oil boiler with a capacity of 3 MW, running on RME for peak load usage as a backup. The total production capacity 
of heat thus amounts to of 5.5 MW. The production plant in Rottne generates approximately 12.8 GWh a year.  
 
Heat is mainly generated through the combustion of residual wood chips in the two boilers located in Rottne. For 
occasions where the heat demand surpasses the capacity of the wood chip boilers the bio oil fired boiler steps in 
to meet the demand. This point is reached at outdoor temperatures of about -1°C, if both bio-mass boilers are at 
full capacity. During mid-winter it is common that the bio oil burner kicks in due to switching outdoor temperatures. 
In order to avoid costly heat production with oil, the heat demand needs to be controlled to avoid demand peaks.  
 

2.1.2.2 Distribution of DH 

The district heating network in Rottne, produces heating and domestic hot water for about 251 buildings in the 
town of Rottne. The control of the production (boilers) and distribution (pumps) system is fully automated. The bio-
mass boilers are controlled based on the outdoor temperature, while the bio-oil burner is activated based on 
deviations in the network supply temperature when there is insufficient bio-mass capacity. The network, operated 
by VEAB, has a length of about 10,300 meters with a total volume of about 64 m³. Traditional district heating has a 
flow temperature at customer-central at design outdoor temperature (DOT) during the winter season of 105°C. The 
return temperature is 40-45°C, both during summer and winter. 
 
 

Figure 6: Production process of DH in Rottne, the cycle being 
closed as the CO2 is absorbed by the growing forest 
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2.1.2.3 Consumption of DH 

VEAB is the only district heating company delivering heat to the district heating network, which gives VEAB 100% 
of the district heating market in Rottne. The district heating network is located in a closed area, i.e. the built area 
of Rottne. The total land surface area has many buildings which are too far from the network. Connecting these 
buildings would present very high investment costs and problems for the network temperatures and flows. 
Furthermore, VEAB has a share of 34 % of the market in the built area in Rottne, moreover, currently about 251 
buildings use district heating and there is a potential to connect about 494 more buildings. The buildings which are 
not connected to the DH network, in the built area, use individual energy sources such as firewood, pellets and 
heat pumps. 
 
There are 180 connections to the grid and the same number of substations. The customers own the sub-stations. 
It is known that 70% of all connections are for villas, small-houses. However, 53 connections are designed for other 
buildings such as multi-family houses, industries, public buildings and offices. Here the same connection can be 
used for several buildings, since building owners may have their own network to their buildings but obtain the heat 
from one substation. This gives VEAB 71 more buildings using district heat in Rottne. There is a significant difference 
in the demand and behaviour depending on the customer segment, which also results in different pricing schemes. 
The total consumed heat per year is about 10,417 MWh3. 
 

                                           
3 The yearly consumption 2017, https://www.veab.se/om-oss/miljo/miljovardering/, [Accessed: July 11, 2018] 

 
Figure 7: Overview of the Rottne DH distribution system 
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The district heating network in Rottne implemented the STORM controller in 2014. The targeted customer segment 
for the STORM controller consists of large building owners (B2B), such as non-residential building owners and 
housing cooperatives. The STORM system is installed in nine of the largest customer sub-stations in the network of 
Rottne, representing 36% of the total energy volume in Rottne and a heat output of 1.7 MW during an outdoor 
temperature of -14 °C (while the total heat output for the grid would be 4.4 MW).  
 
The control strategy implemented at the Rottne side is Peak Shaving. The STORM controller is continuously 
measuring the network supply temperature. When this drops below a certain level for a certain amount of time, 
the STORM controller will coordinate a heat demand reduction among the active consumer’s sub-stations. The 
purpose of this is to avoid activating the bio oil burner at a peak load breakpoint of 2.5 MW. 
 
As in Rottne an existing 3rd generation DH network is targeted, control strategies were already applied before the 
actual STORM controller was implemented. Table 1 shows the control strategies before and after the installation 
of the controller.  
 
Table 1: Control strategies implemented before and after the STORM controller For the Rottne DH system 

 
 
 

CONTROL STRATEGIES  - Pre STORM CONTROL STRATEGIES  - Post STORM 

Before the STORM controller was implemented the 
control strategy was to optimize the fuel boilers to 
minimize the use of the bio-oil boiler. Further, 
preventive maintenance was applied to minimize the risk 
of production stops for the fuel boilers which would lead 
to increased use of bio-oil.  
 
There has been a strategy, based on analyzing customer 
heat measurements, that mainly focuses on customers 
processes where the heat power consumption does not 
depend on outdoor temperature. The goal is to guide 
customers to minimize the number of high-speed and 
fast outputs, which can trigger the oil boiler, despite the 
STORM control. This is a strategy that will continue with 
the STORM controller active.  
 

The STORM controller is aimed to offer the most 
efficient way of production in order to reduce costs as 
much as possible. The system should function as a 
bridge between production and distribution. The 
controller has benefits of saving energy through energy 
efficiency gains, such as Balancing the produced heat 
energy in a system of different heat clusters (Cell 
Balancing), and Peak Shavings of peak load usage from 
backup (fossil fuel) production. These are key factors for 
VEAB to succeed.  
 
The idea is to minimize the number of production stops 
on the bio-mass boilers to get a more optimal and 
minimized use of bio-oil thanks to the STORM system. 
 
By applying the STORM controller to the district heating 
grid, VEAB hopes to find a win-win situation, between 
the energy company (DH owner) and the customer 
(building owner), where Växjö Energi as an energy 
company can balance the production in an economical 
beneficial way. This will balance and stabilize production 
costs, which in turn will enable Växjö Energi to deliver a 
more stable price to the customers. 
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2.2 METHODOLOGY 

To better understand the origin and depth of the data collected, it is good to know some details about the 
background of the two demo projects. 
 
Mijnwater DHC system in Heerlen (NL): 

• In the Mijnwater system in Heerlen all control hardware had to be installed during the project and above that 
all connections had to be programmed between the PRIVA operating system and the NODA system to allow the 
STORM controller to be active. 

• The main aim of the tests in Heerlen is to balance heat and cold demands using the Cell Balancing feature, in 
order to reduce the net heat/cold demand from the higher-up hierarchical level: i.e. the backbone from a cluster 
perspective, and the mine water wells from the backbone perspective. 

• A problem was observed in the buildings in Heerlen. Many of the buildings did not sufficiently respond to the 
control signals from the NODA boxes. It seems that their building management systems are too advanced to 
fool by sending outdoor temperature sensor overrides. 

• In order to realize an impact on the district heating grid level, an alternative approach was implemented 
afterwards in which the flow is affected directly without affecting the heat/cold delivery to the building. This is 
possible in the Mijnwater district heating network because of the compensation provided by the heat pumps. 

 
VEAB DH system in Rottne (SE): 

• The control hardware and a basic demand-side management system were already present before the start of 
the project. 

• In the first step the STORM forecaster was implemented. Manual control actions were based on these forecasts. 

• The second step was to implement the STORM planner, using the Peak-Shaving feature. This feature has been 
active since 2018-02-14 in the latest version. Thereafter it was active for testing during the later stages of the 
heating season. Some settings were updated for the 2018/19 heating season and the planner was fully active 
throughout the full heating season of 2018/19. However, due to a warm autumn it was not until 2018-11-20 it 
triggered the first actual control actions. 

 
Methodology 
Both demonstration sites have been operational before the start of the STORM project and, apart from climate 
conditions, subject to constant changes during the course of the project, such as extra connections, changing energy 
demand by customers, etc.  
 
Reference data was obtained from VEAB (fuel usage, consumer demand) and NODA (heat meter data from each 
building, outdoor temperatures) as well as from the Mijnwater PRIVA operating system (flows, temperatures, 
outdoor and indoor temperatures, which were directly connected and logged to the NODA servers. 
 
Testing the STORM controller technology in operational district heating systems means that Quality of Service (QoS) 
needs to be guaranteed as much as possible. This puts some constraints on what is possible in terms of testing. For 
example, the flexibility provided by the thermal mass of the buildings is limited by the comfort constraints of the 
building users. This means that a very conservative approach for testing, e.g. with large margins, needs to be 
followed. As a result, the available flexibility in the buildings may not be fully exploited. 
 
With the eye on reading the heat load and outdoor temperatures and to be able to overwrite the outdoor 
temperatures in order to manipulate energy behaviour of the buildings, NODA boxes as well as communication 
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hardware were already installed in the connected buildings in Rottne. However, during the course of the project, 
changes to forecaster, planner and tracker had to be implemented. 
 
Both in Rottne and in Heerlen, only a limited control over the heat/cold demand could be achieved. Although in the 
Heerlen demo site via the BMS all buildings as well as all system components were linked to the STORM controller, 
it appeared to be impossible to fundamentally intervene in building’s climate control. The reason for that was the 
lacking cooperation of the building owners.  
 
In the Rottne demo site only a smaller part of the buildings within the Rottne DH system has been connected to the 
STORM controller, allowing only about 30% of the heat load to be controlled. This results in a lower impact of the 
STORM controller than would be possible if 100% of the heat load were connected. With about 70% of the heat 
load to be unobservable, the behaviour of this part of the load can’t be quantified directly, but only derived 
indirectly from other data. Unforeseen behaviour from the unobservable load will have a disturbing impact on the 
heat production load, with limited possibilities to diagnose. 
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3 EVALUATION OF THE CONTROLLER 

To be able to evaluate the functioning of the controller it is important to further analyse the various components 
of the controller, such as the forecaster, vDER, tracker and planner, before judging the test results. 
 
 

3.1 FORECASTER 

To take the right decisions, it is important that the STORM controller knows what will happen in the future in the 
networks. Concretely, it is important that the heat load in the network is forecasted. Therefore, during the project, 
different forecasters were developed for these purposes. 
 
 

3.1.1 Evaluation methodology 

To evaluate the performance of the forecasters used, in the analyses, the forecasted value of the heat demand was 
compared to the actual value, by calculating the mean absolute error (MAE) and mean absolute percentage errors 
(MAPE) are calculated. In statistics, the MAE4 is defined as: 

𝑀𝐴𝐸 =  
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=
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Whereby 𝑛 is the number of number of forecasts, 𝑓𝑖 is the forecasted value, 𝑦𝑖  the measured (true) value and 𝑒𝑖 
the error. The MAPE5 is defined as: 
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Concretely, in this analysis, 𝑓𝑖 is the forecasted hourly energy consumption in the network [kWh], 𝑦𝑖  the measured 
hourly energy consumption in the network [kWh], 𝑒𝑖 the error [kWh] and 𝑛 the number 
 
 

3.1.2 Heat load forecaster – Rottne case 

Different forecaster algorithms were developed during the course of the project. The objective of these modules is 
to statically forecast the heating or cooling load of the network. Static in this sense means that this module forecasts 
the load, in case no smart control actions are taken. Machine learning techniques are used, to ensure the generic 
applicability of the techniques. Concretely, extremely randomized trees (ETR) and extreme learning machines (ELM) 
algorithms were tested using real measurement data of the Rottne network. 
 
The input for the algorithms are the hourly outdoor temperature forecast for the coming 24h, date information 
(hour in the day, day in the year) and historical consumption data. Output of the algorithm is a prediction of the 
energy consumption of the network for the coming 24h. 
 

                                           
4 Source : https://en.wikipedia.org/wiki/Mean_absolute_error  
5 Source: https://en.wikipedia.org/wiki/Mean_absolute_percentage_error  

https://en.wikipedia.org/wiki/Mean_absolute_error
https://en.wikipedia.org/wiki/Mean_absolute_percentage_error
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3.1.2.1 First results 

First results of the forecasters were presented in the 15th International Symposium on District Heating and Cooling, 
in 4 – 7 September 2016 in Seoul (South-Korea), and got the award for research excellence in district heating and 
cooling from the IEA DHC program. This work has afterwards been published6. In Table 2, the main result of the 
paper is duplicated: the mean absolute error (MAE) and mean absolute percentage errors (MAPE) are calculated.  
 
Table 2 : Error results of the two machine learning techniques for the STORM forecaster 

2016 ETR MAE [kW] ETR MAPE [%] ELM MAE [kW] ELM MAPE [%] 

Jan-Mar 73.24 11.7 91.72 14.31 

Jan 89.84 10.2 145.25 17.62 

Feb 48.05 7.59 43.13 6.84 

Mar 76.28 16.56 75.26 16.86 

 
The evaluation period for this first analysis spans the period of January to March 2016. From the table it is clear 
that the performance of the algorithms increase over time: the performance in February is clearly better than in 
January. This is because the algorithms learn the behaviour of the network. In March however, the performance is 
worse. The reason therefore is that at that time, the temperatures in Sweden were rising, into a range which the 
algorithms had not experienced yet. This means that the algorithms had to learn the behaviour of the network 
again, in these temperature ranges.  
 
Later during the project, more forecaster algorithms were developed and tested. All forecaster algorithms have 
different performances in different conditions. It might be that different techniques give better results during 
different testing periods. Therefore, to always make use of the best technique at every condition, a so called “expert 
layer” was added to the forecaster also. This expert layer learns the performance of every individual forecasting 
technique for every situation, and will construct an expert forecast. This expert forecast is a weighting forecast of 
the individual forecasters, whereby the weighting factors change according to the conditions. Since these 
forecasters were not implemented in the control platform due to time constraints, and as such not tested in the 
demonstration networks, the results are not included in this deliverable. Nevertheless, the results of the expert 
layer research can be consulted in a scientific journal publication7. 
 

3.1.2.2 Final evaluation results of the forecaster for summer and winter periods 

The first evaluation of the results, reported in the journal paper mentioned above, spans a period from January to 
March 2016. It was the first implementation, and as a consequence the self-learning algorithms still had to be 
trained. This is the reason why the results from January were not optimal yet. In the remainder of this section, a 
final evaluation of the implemented forecasters will be described. Since the forecasters have been non-stop active 
since they were activated in 2016, the transition phase in which the models are trained, have ended for sure and a 
final conclusions can be drawn. This analysis is split up into two cases: a month in full summer, and a month in full 
winter. 
 
 
 

                                           
6 Christian J., Bergkvist M., Geysen D., et al. Operational Demand Forecasting In District Heating Systems Using Ensembles Of 

Online Machine Learning Algorithms, Energy Procedia, 116 (208-216), 2017 
7 Geysen D, De Somer O, Johansson C, et al. Operational thermal load forecasting in district heating networks using machine 

learning and expert advice, Energy and Buildings, 157 (141-149), 2017. 
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Winter month 
Below the behaviour of the different forecasters are shown, together with the actual heat load for the month 
January 2019. Qualitatively it is clear that the forecasters have similar behaviour, and all of them perform well in 
general. Nevertheless, it should be noted that the predication of the height of peaks is not always accurate. The 
forecasters predict quite well when the peak occurs, but sometimes the forecasters underpredicts and in other 
situations the forecasters overpredicts the height of the peak. This shows that prediction of peak power 
consumption is complex. 
 

 
Qualitatively, for the winter month, the forecasters give very good results, as shown in Table 3. The three algorithms 
have an almost equal performance, with a MAPE around 5%. 
 
Table 3: Error results of the three machine learning techniques for the STORM forecaster during winter months 

Jan 2019 ETR MAE [kW] ETR MAPE [%] 

ELM 125.7 4.9 

ELM v2 122.6 4.8 

ETR 137.6 5.4 

 
 
Summer month 
For the summer month, August 2018, the performance is shown in Table 4 and Graph 3. Overall, the result is 
acceptable. In summer, there is very little demand of space heating. The main heat demand then results from 
domestic hot water production. The consumption of domestic hot water however is a stochastic process, and 
therefore prediction of the consumption is hard. However, these results show that it is possible to reasonably well 

Graph 2: Actual hourly power consumption in the Rottne network during January 2019, in comparison to 3 self-learning 
forecasting algorithms 
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forecast the heat demand of the network. This is due to the aggregation of individual consumptions, which will end 
up to more predictable statistical heat consumption distribution profile. 
 
Table 4: Error results of the three machine learning techniques for the STORM forecaster 

Aug 2018 ETR MAE [kW] ETR MAPE [%] 

ELM 70.5 19.2 

ELM v2 65.0 17.4 

ETR 60.5 15.9 

 
Table 4 shows that the forecaster algorithms have an accuracy of 15-20% in the summer period, of the Rottne 
network. This is higher than in winter, because of the reason described above, but also since the heat load in total 
is lower than in winter which of course results in higher proportional errors. The absolute MEA is however lower 
than in winter conditions. 

 

3.1.2.3 Conclusion 

The general conclusion is that the STORM forecaster algorithms perform very well for what it is supposed to do. 
Indeed, since the control objective in the Rottne network is Peak Shaving and Market Interaction, it is more 
important to know when a peak occurs, rather than how large the peak exactly will be. The forecaster algorithms 
appear to be able to predict this very well. 
 
 

Graph 3: Actual hourly power consumption in the Rottne network during August 2019, in comparison to 3 self-learning 
forecasting algorithms 
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3.1.3 Heat load forecaster – Heerlen case 

For the Mijnwater network in Heerlen, the situation is entirely different to the situation in Rottne. In this network, 
because of the very innovative nature, it was decided to control the flow rate of the water extracted from the DH 
network, rather than the heat load, as explained in section 2.1.1.3. Therefore, during the project lifetime, the heat 
load was not recorded and instead the flow rate was monitored. However, the flow rate pattern turned out to be 
extremely fluctuating, as is shown in Graph 4, and the flow rate was found not only to be mainly influenced by the 
outdoor temperature, but by a lot of other parameters to which the STORM platform did not have access. 
Therefore, forecasting of the flow rate was extremely difficult. Further analysis of the forecaster performance was 
therefore not performed. 

The purple line in Graph 4 shows the actual flowrate, the red/green/blue lines stand for the forecast of the flowrate by the ELM 
v2/ELM/ETR forecasting algorithms. 

 
 

3.2 TRACKER + VDER 

3.2.1 The Tracker 

The Tracker is an important part of the STORM controller since it is responsible for dispatching control signals 
among all the vDERs. This might seem like a simple task, but it quickly becomes complex as the number of vDERs 
grow. The STORM controller is designed to be able to manage significantly more control points than used in the 
demonstration sites in the project, and therefore care has been taken to create a robust and scalable tracker 
process.  
 
The Tracker receives control plans from the Planner. The plan consists of hourly values expressed in kW, either for 
discharge of charge, valid for the cluster of control points that the plan relates to. The Tracker will use each such 
hourly value as a starting point for a negotiation with all vDERs accessible in that cluster. The vDERs will respond to 
this negotiation while considering their individual constraints. At the end of the negotiation, control signals 
corresponding to the hourly plan value will be allocated among the vDERs, which will then implement these signals 
at each control point. This negotiation is re-iterated on continuous intervals in order to ensure that the behaviour 

Graph 4: Flow rate in cluster A of the Mijnwater network (m3/h).  
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of the cluster of vDERs actually “tracks” the desired plan. The normal frequency of this re-iteration is 10 minutes, 
but this can be changed depending on the requirements of the specific grid.  
 
Graph 5 shows the result of such re-iterated negotiations among a cluster of vDERs in Rottne. The total energy 
generated at the production site (black line) and the aggregated demand of the controllable vDERs (red line) is 
shown. When the Tracker receives a control plan it starts to allocate control signals through negotiations with the 
vDERs. As can be seen in the graph this happens at about 21 o’clock in the evening. This process is then re-iterated 
as long as there is an active control plan present in the system, which in this case ends at around 7 o’clock the 
following morning. It can be noted that there is no individual vDER active throughout this whole process, although 
the Tracker consistently upholds control actions all the time. Achieving such a healthy distribution of control signals 
among the vDERs is one of the primary goals of the Tracker. This is important to ensure quality of service at all 
times, so that no individual vDER tries to do too much control action. Furthermore, it is important for possible 
future implementations of the STORM controller in which the accepted control signals form input for the pricing 
model in a certain grid. In such a case, it is of upmost importance to get a sound distribution so as to not cause 
unfavourable bias in the allocation process.  

 
The x-axis in Graph 5 shows the time of day. The left y-axis shows the outdoor temperature offset as expressed in °K, which is 
used as a control signal by the STORM controller. The right x-axis shows the demand in kW.  The red and black lines belong on 
the right y-axis, since they are the total demand (black) and controllable demand (red). All the other lines are offsets on the left 
y-axis.  

 
Based on the operational behaviour of the Tracker as used in both Rottne and Heerlen it can be concluded that the 
Tracker operates as expected. Tracker functionality is now fully deployed at both demonstration sites.   
 
 

3.2.2 The vDER 

The virtual Distributed Energy Resource (vDER) is the software agent responsible for each control point. The primary 
purpose of the vDER is to respond to control signals from the Tracker while simultaneously ensuring that the quality 
of service is upheld. The vDER does this by creating a model of the underlying process that is to be optimised. This 
underlying process is normally a heating system of a building, but in a more general sense it can be any thermal 
process that it is possible to extract flexibility from. For example, in the case of Heerlen, it also includes the grid 
stations acting as interfaces between the backbone and the individual clusters.  
 

Graph 5: An example of the result of a set of negotiations between a cluster of vDERs and the Tracker 
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The vDER accesses the thermal inertia in the underlying thermal process in order to create flexibility for the grid. 
During short terms of manipulating the control process it is possible to diverge substantially from normal 
operational behaviour, while still ensuring quality of service. Graph 6 shows an example of an individual control 
action from one of the buildings in Rottne. This building is controlled based on an outdoor temperature 
measurement and a heating curve, as is very common in building installations: if the outdoor temperature 
decreases, the supply temperature of the secondary side of the district heating substation will be increased and in 
this way, the heat consumption of the building will increase, and vice versa. In this way, by sending an temperature 
offset, i.e. a values added or distracted from the actual outdoor temperature measurement, it is possible to 
influence the building heat demand.  
 
The green line shows the demand in kW, while the blue line indicates the control action expressed in temperature 
offset. The red line is a degree hour counter. When the control action starts (i.e. when the blue lines starts to 
deviate from 0), the heat demand is reduced significantly. In this case the short-term reduction is in excess of 50 %. 
The control action is then followed by a gradual return to normal control behaviour in order to avoid any rebound 
effects in the demand.  

 
The x-axis in Graph 6 shows time and date. The y-axis shows the different values for the lines. The instantaneous demand (green 
line) is in kW. The control signal, expressed as an outdoor temperature offset (blue line) is in °K. The control counter (red line) is 
in degree hours, i.e. an accumulation of the offset. 

 
In addition to the model there are a set of control constraints. These constraints set the outer boundaries of the 
operational behaviour of the STORM controller at individual vDER level. The model can only operate within those 
boundaries. Experiences have shown that it is important to set some hard boundaries for the model so that it 
doesn’t run totally free. It is very hard, practically impossible, to ensure full quality of service just by using a model 
of the control point. That would imply a model that perfectly, from a mathematical perspective, represents the 
underlying physical process. No such representation is possible to create, given current understanding of physics. 
Therefore, control constraints are necessary in a practical setting.  
 

Graph 6: A control action in a vDER 
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The primary control constraints are the maximally allowed instantaneous deviation from the normal control 
behaviour and the maximally allowed deviation over a period of time. These control constraints relate to both 
charging and discharging. So, in practice there are four such control settings per vDER:  
 

• Maximum instantaneous deviation for charging 

• Maximum deviation over time for charging 

• Maximum instantaneous deviation for discharging 

• Maximum deviation over time for discharging 
 
Internally in the vDER these values are represented by degrees for the instantaneous deviation and degree hours 
for the deviation over time. This is because the models relate control response to offsets of the outdoor 
temperature. However, when the vDERs communicate with the Tracker within the STORM controller, these values 
are related to the energy signature of the individual vDER. So, from a STORM architecture perspective these 
constraints are viewed as amounts of maximum available flexibility expressed in kW and kWh respectively. Table 5 
shows the current control constraints for the vDER’s in the Rottne demonstration site. The E-sig columns show the 
energy signature of the control point (i.e. the increase/decrease of the building heat load [kW] when the outside 
temperature decreases/increases 1°C), while the 0°C column shows the estimated demand at 0°C outdoor 
temperature. Max dch and ch are the maximally allowed instantaneous deviation for discharge and charge 
respectively. The cap values signify the maximally allowed degree hour deviations during a period of 24 hours.   

 
Table 5: Control constraints for the vDER’s in Rottne 

Name E-sig 
[kW/°K] 

0°C [kW] Max 
dch[°K] 

Max ch [°K] Cap dch 
[°Kh] 

Cap ch 
[°Kh] 

Rottne 1 6.1721 102.0696 12 8 28 16 

Rottne 2 3,5105 64.704 8 8 28 16 

Rottne 3 1.9764 47.8383 12 8 32 16 

Rottne 4 1.2743 34.2898 12 8 34 16 

Rottne 5 4,4833 92,294 11 6 32 16 

Rottne 6 5.5847 113.7138 12 8 32 16 

Rottne 7 7.1511 107.2331 8 8 24 16 

Rottne 8 2.58 49.7637 11 4 25 16 

Rottne 9 4.015 61.1476 12 6 32 16 

 
For example, the vDER controlling Rottne 1 would maximally be allowed to deviate from the normal operational 
behaviour of the building controller by setting an offset of 12°K for discharging. This would tell the heating system 
in the building that it is 12 degrees warmer than it actually is, which would cause the building controller to reduce 
the opening of its valve, and thereby causing a reduction in the demand (i.e. discharging flexibility). If the maximum 
offset of 12 degrees was applied, then the vDER would be allowed to do this for 2 hours and 20 minutes during a 
period of 24 hours (since the cap for discharge is 28 so this gives 2 and 1/3 of an hour if every hour accounts for 
12).  
 



STORM Project  H2020  Grant Agreement #649743  
Call: H2020-EE-2014-2-RIA  Topic: EE-13-2014  Instrument: RIA 
 
 

D5.1 -Report on the performance of the controller
March 2019  Author: NODA, VITO, Mijnwater 
 

 

Page 40 out of 78 

Graph 7 shows an example of how the control constrains work in practice. The blue line shows offset control signals 
implemented by the vDER. These control signals increase the counter for the used degree hours over time (green 
line). As more and more control signals (blue line) are implemented, the counter rises (green line). Then after some 
time the counter will start to revert back to equilibrium again. 

The x-axis in Graph 7shows the date and time. The y-axis is in °K for the offsets (blue line) and degree hours for the 
counter (green line). 
 
There are corresponding control constraint settings for the Heerlen grid, since these values are required by the 
STORM controller. However, they are not actively enforced by the STORM controller due to the specific nature of 
the grid in Heerlen. The quality of service in Heerlen is enforced by the maximum flow setting described in a 
previous section.  
 

 

3.2.3 Conclusion 

The Tracker and vDER comprise vital parts for the STORM controller, since they interact to dispatch control signals 
to apply them to the individual buildings. 
The primary purpose of the Tracker is to receive control plans from the Planner, and to disassemble these plans 
into control signal for the individual buildings. It does this through a distributed allocation process which minimises 
unfavourable bias among the buildings.  
 
The vDER is a software agent responsible for the behaviour of the individual building. The primary purpose of the 
vDER is to synchronise the process of accepting control signals from the Tracker, while simultaneously ensuring 
quality of service in the building.   
 
It can be concluded that the Tracker as well as the vDER are mature components of the STORM controller, and that 
they are performing their tasks as expected. 
 
 

3.3 PLANNER: 

The operation of the planner in the Storm controller has been tested for three different control strategies, namely: 
Peak Shaving, Market Interaction and Cell Balancing. While Peak Shaving and Market Interaction were mainly tested 
at the Rottne demo site, was Cell Balancing the subject of research at the Mijnwater system in Heerlen. 
 
 

Graph 7: Offset signals for discharging (blue line) and counter for degree hours discharge (green line)  
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3.3.1 Peak Shaving 

This section presents the evaluation of the Peak-Shaving tests in the Rottne demonstration site. The evaluation 
methodology is presented first. Subsequently, the results are presented and discussed. Finally, the major 
conclusions are summarized. 
 

3.3.1.1 Evaluation methodology 

The general evaluation methodology consists of a comparison between the peak behaviour of a test period (with 
STORM controller) with the peak behaviour of a reference period (without STORM controller). By correcting the 
results for the influence of outdoor temperature and the time of the day, the difference between the two periods 
can be attributed to the actions of the STORM controller. The detailed approach for this comparison is described in 
the following paragraphs. 
 

1. Data handling 
For the STORM controller performance evaluation, two heat load profiles are considered: the total heat load of the 
Rottne DH grid and the total heat load of the controllable buildings. The total heat load of the Rottne DH grid (Ptot) 
is measured at the heat production location. It represents the amount of heat power that the heat production plant 
produces at a given time. The total heat load of the controllable buildings (Pcon) is obtained by the summation of 
the heat loads at each of the controllable buildings. Due to data logging and communication problems with some 
of the buildings over the course of the project, the performance evaluation is actually based on a subset of the 
controllable buildings. The total heat load of this subset, i.e. the sum of the individual heat loads, is denoted by Pset. 
 
Table 6: STORM-controllable buildings in the Rottne DH system (street names are left out to protect personal information) 

STORM-controllable buildings Part of the evaluation subset? 

Rottne 1 No 

Rottne 2 Yes 

Rottne 3 No 

Rottne 4 Yes 

Rottne 5 Yes 

Rottne 6 Yes 

Rottne 7 No 

Rottne 8 No 

Rottne 9 No 

 
The outdoor temperature profile (Tout) is obtained from the arithmetic mean value of the outdoor temperature, 
measured at the individual controlled buildings. In case of missing values, the mean outdoor temperature is based 
only on the values of those buildings for which the outdoor temperature was recorded. On a few occasions, outliers 
were detected and removed before calculating the mean outdoor temperature. Deviation of more than 5°C from 
the mean value is used as an outlier detection criterion. 
 
The occurrence of control actions is based on the following test. If the fake outdoor temperature sent to the building 
controller differs from the measured outdoor temperature by more than 0.1°C, it is considered as a control action. 
If a control action has happened in any of the controllable buildings, it is recorded as a control action for the DH 
grid at that time instant. This is represented by a binary variable as a function of time (‘0’: no control action, ‘1’: 
control action). 
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Data has been taken on an hourly basis from July 1, 2015 until January 31, 2019. All the time instants where any of 
the variables (Ptot, Pset, Tout and control actions) is missing, have been removed as a part of the pre-processing step. 
Additionally, the data on January 23, 2018 is also removed because of an incident with one of the wood chip boilers 
on the heat production plant that day. The resulting data, which is used as the source for the performance 
evaluation, is presented in Graph 8. 
 
 

2. Reference heat load modelling  
a. Source data 

The reference performance, i.e. the performance of the DH grid without STORM controller, is obtained from a 
model. This model is trained on a subset of the source data described in the previous section. These reference data 
are obtained from the source data by removing all time instants where control actions have happened in the 
interval between 23h before and 1h after. This is to remove all times that may have been affected by a control 
action. It is assumed that the effect of a control action has disappeared after 23h. Also 1h before a control action 
is removed for robustness to avoid issues caused by grouping data on hourly basis. The resulting reference data set 
is depicted in Graph 9. 
 
 
 

Graph 8: Data as used for the performance evaluation for peak shaving 
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b. Processing 

The reference performance is modelled by two prediction variables: outdoor temperature and hour-of-the-day. A 
grid is created with cells of size 1°C by 1h. The heat load at each time instant in the reference data set is put in the 
appropriate cell based on the outdoor temperature and hour-of-the-day. Afterwards, a number of statistics are 
calculated for the heat load values that ended up in the same cell, such as the average value and standard deviation. 
The average value is later used as a prediction for the reference heat load for evaluation of the performance during 
the test period. The standard deviation provides information about the variation around the average value.  
 
The reference heat load model is depicted in the following graphs, where each cell is coloured, based on the value 
of the statistic. Note that the values on the axis correspond to the indices of the cells in a matrix (starting at 0). For 
the outdoor temperature, index 0 corresponds to temperatures between -20°C and -19°C and so on. For the hour-
of-the-day, the value is equal to the index; see Graph 12 (standard deviation), Graph 11 (number of occurrences) 
and Graph 10 (average value). 

Graph 9: Reference data for heat load modelling 
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Graph 11: number of occurrences for Tout and hour of the day 

Graph 12: standard deviation of the data as function of Tout and hour of the day  

Graph 10: Average value of the data as function of Tout and hour of the day 
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3. Peak heat production: 
The heat production power represents the sum of the heat production from each of the boilers at the heating plant. 
Unfortunately, the breakdown of this value into the heat produced by each of the boilers individually is not possible 
because there are no separate meters installed for that purpose. However, in order to evaluate the Peak-Shaving 
performance during the STORM-controller testing, it is assumed that the bio-oil peak boiler provides all the heat 
production above a threshold of 2.5 MW. This assumption is based on the nominal heat production capacity of the 
woodchip baseload boilers (1.5 MW and 1.0 MW) and manual observation of the bio-oil peak boiler activity. The 
same assumption is used in the formulation of the planner optimization objective function, so it is appropriate to 
use it also for the evaluation. 
 

4. Load-duration calculation: method 
The Peak-Shaving evaluation is based on a comparison of load-duration curves between the test and reference 
scenarios. A load-duration curve has the following meaning: to each value of the heat load P corresponds a duration 
d, which represents the amount of time that the heat load was higher than the value P. The classical approach for 
calculating the load-duration curve is to sort the values in the heat load profile in descending order. 
 
Unfortunately, a challenge arises here due to the fact that the reference scenarios emerges from a model involving 
statistical variation. This has to be accounted for in the calculation of the load-duration curve for the following 
reason.  
At every timestep h, the reference model provides information about the probability distribution of the heat load 
the heat load Ph at that timestep, i.e. the average heat load <P>h and the standard deviation sh. Assuming that the 
distribution is normal, the probability density function can be reconstructed. This information is available for each 
hour in the evaluation period. For the prediction of the heat load at any timestep, the average heat load <P>h is a 
good – because unbiased – predictor. In fact, the average heat load <P>h is the expectation value corresponding to 
the statistical distribution.  
The calculation of the load-duration curve from the heat load profile requires an operation on the data. The naïve 
approach is to do the same as for calculating the load-duration curve of actual data, i.e. sort descendingly. However, 
this operation is not commutative with the expectation value operator. In other words, first calculating the 
expectation value for the heat load, followed by the duration calculation, gives a different result than calculating 
the expectation value for the duration directly. In fact, the naïve approach gives a biased view on the expected 
duration of a certain heat load. In particular, the peak heat load would be underestimated. Because of the focus on 
the peak behaviour in this section, it is important to get that right. 
 
Therefore, a direct calculation of the expected duration d(P*) for each level of the heat load P* is performed. This 
is done as follows.  
The expected duration dh(P*) is first calculated for each timestep h of the evaluation period. Then, afterwards the 
expected duration is obtained as the sum over all timesteps. For each timestep, the probability density function 
pdf(P) as a function of P can be constructed using the average heat load <P>h and the standard deviation sh. Then, 
the expected duration dh(P*) is equal to the integral under this probability density function from P* to infinity, 
times the length of the time interval (i.e. 1 hour). This value is obtained from the cumulative distribution function, 
which is available in statistical software packages. 
 
The abovementioned approach for calculating the load-duration curve has been validated and compared with the 
naïve approach. It is observed that the proposed approach predicts the actual load-duration curve with higher 
accuracy, so it has been henceforth used. Results of the validation of the load-duration curve calculation using the 
reference model are included in the next paragraph. 
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5. Validation of the reference model 

The evaluation approach based on the aforementioned reference model is validated by comparing the actual 
reference data with the modelled behaviour. This is shown on Graph 13 and Graph 14 for the total heat load of the 
DH grid (Ptot) and the subset of controllable buildings (Pset). Visually, the predictions look good.  

 
A quantitative comparison shows that the mean absolute error (MAE) is 79.5 kW for Ptot. The MAE for Pset is 13.7 
kW. These are small errors relative to the typical and peak values for these variables. 
 
Since a lot of the Peak-Shaving evaluation is based on load-duration curves, a separate validation has also been 
done. The load-duration curves for the total heat load (Ptot) and the subset of controllable buildings (Pset) is shown 
in Graph 15 and Graph 16. They are very similar, differing mostly in the magnitude of the heat loads.  
 

Graph 14: comparison actual behaviour with modelled data 
for the entire DH grid 

Graph 13: comparison actual behaviour with modelled data 
for the STORM controlled buildings 

Graph 16: Heat load duration curve for the entire Rottne DH 
grid 
 

Graph 15: Heat load duration curve for the STORM 
controllable buildings in Rottne 
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These are typical profiles for heat load-duration curves: with sharp peak values of low duration, gradually increasing 
duration for lowering heat load, ending in a sort of plateau when heat load is dominated by domestic hot water 
preparation in the summer period. In the graphs below, the modeled load-duration curve of the reference data set 
can hardly be distinguished from the actual load-duration curve. This is also reflected quantitatively. The MAE of 
the duration of the total heat load is only 7.9h. The MAE of the duration of the subset of controlled buildings is 15.5 
h. For a total duration of around 18,000h, this is a very high accuracy. 
 
It is concluded that the reference model predicts the reference data set to a high degree. Therefore, this model is 
considered as an accurate representation of the reference behaviour for the performance evaluation of the STORM 
controller. 
 

3.3.1.2 Results 

This section presents the evaluation results of the Peak-Shaving tests in the Rottne demonstration site. First, the 
data obtained from the test period is presented. Second, based on the outdoor temperature profile and hour-of-
the-day during the test period, the reference scenario heat load profile is simulated. Third, the load-duration curves 
for both the test and reference period are calculated. A quantitative analysis and discussion of these results is 
subsequently presented. 
 
The current version of the STORM controller (version 2) is active since the heating season of 2018/2019 up to the 
moment of the writing of this report. During February 2019, there was a break of several weeks for several tests 
related to the Market Interaction controller feature. Therefore, the period from March 2018 till January 2019 is 
considered for performance evaluation of the Peak-Shaving performance. This part of the source data is again 
presented in Graph 17 and Appendix 1. 

 
The graph clearly shows that the bio-oil burner is being addressed during the winter months in particular. The bio-
oil consumption in the period from April to September is marginal in relation to the total consumption and must 
be attributed to maintenance of the production installation. 
 
 

Graph 17: Energy consumption of the Rottne DH production plant (Jan-Dec 2018) 
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Graph 19 provides insight into the total consumed and generated energy as well as the amount of energy delivered 
to all customers connected to the Rottne DH system. Out of these numbers the overall efficiency of the system is 
calculated, which is also shown in this graph and is an average of 67% over the years. 

Graph 18: data of the December month during the test period  

Graph 19: Total generated and delivered heat versus overall efficiency of the 
Rottne DH system 
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The warmer months of the year have been excluded for the purpose of Peak-Shaving evaluation, because the heat 
production power during these months does not reach the peak production threshold of 2.5 MW. Therefore, the 
Peak-Shaving evaluation is performed only for those months with high enough heat load profiles, even though the 
Peak-Shaving controller was online during the other months. This corresponds to the period March-April in 2018 
and the period November 2018 – January 2019.  
 
The evaluation approach is demonstrated step-by-step for a single month of the test period, i.e. December 2018. 
Later, quantitative results are presented for all of the months in the test period. The test data of December 2018 is 
presented in Graph 18. 
 
Based on the outdoor temperature profile and the hour-of-the-day, reference heat load profiles for the total heat 
load (Ptot) and the subset of the controllable heat load (Pset) are calculated using the reference heat load model. 
The resulting reference heat load profiles and the measured test heat load profiles are compared in Graph 20. 

 

Graph 20: comparison of reference heat load profiles and measured test heat load 
profiles 
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The heat load profiles (both Ptot and Pset) are very similar in the modelled reference and test periods. It is hard to 
draw conclusions from such a comparison. A more clear performance comparison is possible based on the load-
duration curves. These are shown in Graph 22 and Graph 21. The change in the duration as a function of heat load 
is presented separately on Graph 22. 

 
The comparison of the total heat load-duration curves for the reference and test periods shows the behavior that 
is expected from Peak Shaving. Overall, the duration for heat loads above 2.5 MW has decreased, whereas the 
duration for heat loads below 2.5 W has increased. This means that the amount of heat produced by the peak 
heat production unit has decreased, while more heat is produced by the baseload units. This is exactly what Peak 
Shaving is supposed to achieve. 
 

 

Graph 21: comparison of reference and test heat load profile 
for the Rottne DH system 

Graph 22: heat load: change in duration curve for the Rottne 
DH system 

Graph 23: comparison of reference and test heat load profile 
for the STORM controlled buildings in Rottne 

Graph 24: heat load: change in duration curve for the 
STORM controllable buildings in Rottne 
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The heat load-duration curve of the controllable buildings gives a similar picture, but there are some differences. 
First of all, there is no clear peak load threshold value for the controllable buildings, because the Peak-Shaving 
optimization objective is defined on the total DH grid level. The fraction of the controllable heat load is not a fixed 
constant, so this peak load threshold can’t be transformed into a threshold for the controllable heat load. 
Secondly – and as a result of the previous argument – the region with reduced duration is relatively more spread 
out compared to the total heat production. Furthermore, it is clearly visible that the average effect of the STORM 
controller on the controllable buildings is a reduction of the heat load. This is in contrast to the effect on the total 
heat production profile, which increased on average. 
 
This behavior can be quantified on an energy basis by taking the appropriate integrals under the load-duration 
curves. The total heat production in the test period is 1570.1 MWh, compared to 1551.3 MWh in the reference 
period, meaning an increased heat production of 18.8 MWh. In contrast, the integral heat load of the subset of 
controllable buildings is 206.2 MWh in the test period, whereas it is 209.4 MWh in the reference period, i.e. a 
reduction of 3.2 MWh. Of course, neither of these performance metrics is the objective of the STORM controller. 
Instead, the testing aimed at reducing the integral peak heat production. In the test period, the peak heat 
production is 12.9 MWh, compared to 20.8 MWh in the reference period. This represents a reduction of the peak 
heat production by 7.9 MWh, or 38 %. 
 
The quantitative results from above are summarized in the Table 7 and visualized in Graph 25, together with the 
results for the other months in the testing period. 
 

Graph 25: visualization of the results in table 7 
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Table 7: quantitatively performance results 

 March 2018 April 2018 
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November 
2018 

December 
2018 

January 
2019 

Total over 
test period 

Heat load 
controllable 
buildings 
(reference) 
[MWh] 

235.3 134.3 172.5 209.4 223.3 974.8 

Heat load 
controllable 
buildings (test) 
[MWh] 

232.4 
(-2.9) 

137.4 
(+3.1) 

164.4 
(-8.1) 

206.2 
(-3.2) 

221.7 
(-1.7) 

962.1 
(-12.7) 

Heat 
production 
(reference) 
[MWh] 

1753.8 983.5 1266.3 1551.3 1665.3 7220.2 

Heat 
production 
(test) [MWh] 

1766.9 
(+13.2) 

995.6 
(+12.1) 

1242.9 
(-23.4) 

1570.1 
(+18.8) 

1713.8 
(+48.4) 

7289.3 
(+69.1) 

Peak heat 
production 
(reference) 
[MWh] 

102.6 5.1 26.8 20.8 86.4 241.5 

Peak heat 
production 
(test) [MWh] 

100.2 
(-2.4) 

2.2 
(-2.9) 

20.2 
(-6.6) 

12.9 
(-7.9) 

98.8 
(+12.4) 

234.1 
(-7.4) 

Relative change 
in peak heat 
production 

-2.3% -57% -25% -38% +14.4% -3.1% 

• Heat load controllable buildings = Sum of the total amount of heat delivered to a subset of the controllable buildings (…) 

• Heat production = Total amount of heat produced at the heating plant 

• Peak heat production = Total amount of peak heat production (> 2.5 MW) at the heating plant 

 
The results in Table 7 allow the following observations:  
The integral heat load of the subset of controllable buildings reduces in all testing months except April 2018 and 
lead to a decrease of 12.7 MWh during the test period.  
It is hard to predict how a perfect Peak-Shaving demand-side management controller would affect the average 
heat load of controlled buildings, or how the behaviour would propagate from the buildings to the heat 
production plant. But an increase with 69.1 MWh of the overall heat production is surprising when the heat load 
of the controllable buildings is reduced. We can think of the following explanations.  
First, only a part of the heat load in the Rottne DH grid is controlled, and only a subset of those buildings is 
monitored in this analysis. This means that there is a big part of the heat load –based on the magnitude of the 
heat loads – which may display unforeseen behaviour. The increase of the heat production during the test period 
is due to an increase in uncontrollable heat load and/or heat losses (+81.8 MWh). 
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Second, the effect on the buildings needs to propagate to the heat production plant. This could occur as a time 
shift, but that would not be noticeable in a monthly overview. Another possibility is an effect on the heat losses in 
the DH network. For example, a decrease in the network flow rates as a result of reduced consumption could in 
principle lead to increased network heat losses due to the longer transportation time.  
Third, there could be a bias resulting from the reference heat load models. At present, it is not clear which of 
these explanations contributes most to the observed behaviour. 
 
In the end, and despite of the overall increase in uncontrolled heat load of 81.8 MWh, the peak heat load has 
been reduced by 7.4 MWh (3.1%). Since the controller is not able to increase the peak load production, the 
increase must have been caused by other unforeseen occurrences (at least one customer who had connected a 
few more buildings to the substation without prior notice). If the January 2019 month's influence is left out of the 
calculations, the reduction would have been 12.75%. 
 
The integral peak heat production has decreased for all months except January 2019. It is not clear whether 
anything unusual happened in that month. The relative change depends largely on the amount of peak heat 
production in the reference scenario. The STORM controller Peak-Shaving seems to be most productive when the 
reference peak heat consumption has moderate values, e.g. in November-December 2018. This could be due to 
the fact that load shifting for Peak Shaving purposes requires a heat load profile that changes frequently above 
and below the peak production threshold. If the heat load is not sufficiently varying about the threshold value, 
then no benefit can be obtained from shifting the heat load in time, regardless of how well the controller works. 
Therefore, it would be beneficial to increase the share of the controllable load: in that way the heat load margin 
in which the controller can operate, will increase, and better results could be obtained. 
 
To summarize, it seems that the STORM controller Peak-Shaving feature performs in the way it should. During the 
Cell Balancing test as executed in Heerlen, as a side effect, also very promising figures on Peak Shaving up to 
17.3% could be noticed. 
The peak heat production is reduced in general, which is the desired result. The overall heat production seems to 
have increased, despite the reduction in the heat load of the controllable buildings, due to the above mentioned 
occurrences. At present, it is hard to fully understand the behaviour that has been observed during the testing. 
This may partly be due to the fact that a proper scenario analysis is not possible in an operational district heating 
system, leading to uncertainties. However, the observed behaviour is promising because the heat load of the 
controllable buildings has changed in the desired way. It should be possible to better understand the effect on 
network level if the controllable part of the heat load as well as the observable part of the heat load would 
constitute a bigger fraction of the total heat load. This should be aimed for in future testing. 
 

The previous part of the analysis focused on the effect of the STORM controller on the heat production profile 
and controllable load profile individually. Despite the relevance of these results, they are subject to the 
fundamental problem that only a part of the total heat load is controllable and observable at present. Looking at 
the building level (or sum of buildings) allows to focus on the direct impact of the control on the behaviour of the 
buildings. However, due to the fact that the control objective is formulated on grid level (i.e. peak heat 
production reduction), it is impossible to tell whether a heat load decrease/increase is desirable at a given 
moment in time. Unfortunately, looking at the heat production profile instead doesn’t solve this problem. It does 
allow to evaluate the impact on the control objective in principle. But the magnitude of the controllable heat load 
is relatively small with respect to the total heat load. As a result of that, the effect of load-shifting on the 
controllable buildings is blurred by the behaviour of the remaining uncontrollable load. This is especially so 
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because of the uncertainty in the predicted reference behaviour. This makes it challenging to judge whether the 
observed effects are significant, due to random variations or due to modelling bias. 
 
In order to tackle that problem, this section focuses on the relationship in the behaviours of the heat production 
power as well as the heat load of the controllable buildings. In the following graphs, the change in heat load 
between the test case and the reference case is plotted against the heat production power in the reference case. 
Graph 26 displays the change in the subset of the controllable buildings; Graph 27 shows the change in the heat 
production power. The data on these graphs are for December 2018, which is also the month that was visualized 
in the previous section. 

 
The primary expected behaviour is a reduction of the heat load of the controllable buildings by the STORM 
controller when the heat production would exceed 2.5 MW in the reference scenario without control. This should 
then also propagate to the total heat load at the heat production plant. It is difficult to see this behaviour directly 
in the data because of the large variation. Therefore, a linear regression curve has been added in the above 
graphs. The negative slope of these regression lines shows that the STORM controller has been able to achieve 
the expected behaviour. The higher the heat production power in the reference scenario, the higher the tendency 
of the heat load to decrease during the test (both for the controllable heat load as the total heat load). The same 
behaviour has been observed for each of the months in the testing period. 
 

3.3.1.3 Conclusion: 

Peak-Shaving tests in the Rottne district heating grid have been evaluated for the period from March 2018 to 
January 2019. The summer period from May 2018 to October 2018 has been excluded from the evaluation because 
the heat load was below the nominal threshold of 2.5 MW for the peak boiler activation in that period. The 
evaluation is based on hourly data for heat load, outdoor temperature and controller activity of the buildings as 
well as the heat production plant.  
The test results are compared to a reference scenario without the STORM controller active. This reference 
behaviour is modelled based on outdoor temperature and hour-of-the-day. The model of the reference behaviour 
is trained using undisturbed historic data from June 2015 to January 2019. The reference model has been validated, 
which shows that the accuracy is high. 

Graph 26: change in the subset of the controllable buildings Graph 27: change in the heat production power 
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Based on this analysis, the results of the Peak-Shaving tests in the Rottne demonstration site are as follows. The 
subset of controllable buildings consumed 12.7 MWh (1.3%) less heat during the STORM controller tests than in 
the reference scenario without the STORM controller. This led to a reduction in the peak consumption of 7.1 MWh 
(3.1%). It should be considered that less than 10 buildings have been controlled, representing around 34% of the 
heat load on average.  
This peak heat reduction has been achieved despite an overall heat production increase of 69.1 MWh (1.0%), which 
is probably due to an increase in the heat consumption of the large uncontrolled part of the building stock in Rottne.  
If this influence is not taken into account, then a peak heat reduction of 12.75% can be determined. 
From a more detailed analysis, it is observed that the change in the heat load of the controllable buildings correlates 
with the heat production power as expected, i.e. the higher the heat production power, the more heat load 
reduction of the controllable buildings. 
 
 

3.3.2 Market Interaction 

The Market Interaction control strategy as defined in the STORM project is primarily focused on optimising 
combined heat and power (CHP) operations. In a CHP process both heat and electrical power is generated 
simultaneously, and these separate parts cannot be separated due to the basic nature of the physical process 
involved. The heat is then sent into the district heating grid, while the power is sold on the spot-price market. 
However, the spot-price market for electricity can be quite volatile, especially if the CHP is active on the intraday 
market. This basically means that the spot price can vary quite a bit from hour to hour during a day. So, having a 
system that can match the power output from the CHP with the higher spot prices would be financially beneficial 
for the grid operator. Since the process of generating electricity cannot be separated from the process of generating 
heat, the consequence is then that the head demand has to be managed in relation to spot-price forecast. This is 
in essence the purpose of the Market Interaction control strategy implemented in the STORM controller. 
 
Besides CHP optimization, the Market Interaction control strategy could also easily be extended to control a 
(portfolio of) heat pump(s). Contrary to CHP operation, the objective would in that case obviously be to switch on 
the heat pumps when the electricity price is low. The Market Interaction control strategy for heat pumps is however 
not been tested during the STORM project. 
 

3.3.2.1 Overview of the Market Interaction control strategy 

The Market Interaction control strategy is implemented to operate given a set of numerical values, one for each 
hour for the time horizon of the forecast. The STORM controller will then try to adapt the demand in relation to 
these numerical values, so that high values (i.e. high spot prices) are rewarded while low values are penalised. The 
STORM controller doesn’t actually know that the numerical values are spot-prices.  
Analysis out of other projects, looking at the average volatility during 24-hour periods on the spot-price market 
(both intraday and day-ahead), show that the intraday provides most financial benefit, simply due to the higher 
volatility.  
Purely as an example, with an average volatility during a day of 20% and an average electricity price of €50/MWh, 
a spread in price from €40 to €60 per MWh is created. With, in this theoretical example, an average ability to shift 
load on the heat demand of 5 MWh per day, 5 MWh is moved from low prices to high prices using the Market 
Interaction feature of the controller. Assuming that this load shifting is possible for 120 days during the heating 
season will lead to €12,000 (5 * €20 * 120) extra earnings per year. Obviously the volatility changes over time, and 
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can be quite divergent between different electricity markets (e.g. low volatility in Northern Europe and higher 
volatility in Central/Western Europe).  
 
The numerical values as mentioned above can represent anything, in order to influence the behaviour of the STORM 
controller. This makes it possible to also use the same control strategy for other applications, like the 
abovementioned heat pumps. Spot-prices are earnings-based, but the numbers can be reversed to make them cost-
based. This can then, for example, be used together with forecasts of marginal production costs. In that case the 
STORM controller can avoid hours with high marginal costs, while focusing demand on hours with low marginal 
costs. Another alternative is to not use any external input at all (such as spot-prices or marginal production costs), 
but rather just use the heat load forecasts generated internally in the STORM controller as input for the numerical 
values. This can be used to balance the demand (i.e. penalising deviation from the mean) or peak management (i.e. 
penalising high values).  
 
The primary difference between the peak load control strategy and the Market Interaction control strategy, is that 
the latter uses both charging and discharging. Using only discharging is normally not a problem in a grid, because 
the impact for the customer is normally only saving in energy. However, if charging is also used, then the STORM 
controller has to be smart enough to not cause increased energy usage. In certain circumstances this can be 
acceptable, e.g. in a situation where the energy source can be shifted from fossil to renewable and where the 
customer pays by a fixed sum. However, in most practical situations there needs to be a way to ensure that the 
customers balance the energy over the period of time, even though the demand profile is changed. In the STORM 
controller this is handled by the zero-sum functionality. This is a setting that can be between 1 and 0, where 1 
requires a full zero-sum compliance of demand while a number lower than 1 relaxes this requirement.   
 

3.3.2.2 Methodology used for evaluation 

There are no CHP’s in either of the demonstration sites, so there is no practical possibility to test the Market 
Interaction control strategy in practice. However, to test the Market Interaction functionalities, we emulated the 
heat production plants in Rottne as being CHPs. The ADMM-based algorithms used for Market Interaction are the 
same as used for the other applications in the STORM Planner and Tracker, and these have been extensively tested 
throughout the project. Furthermore, the ability to charge and discharge has been specifically tested in the Rottne 
grid for the benefit of the evaluation of the Market Interaction control strategy. The primary value used to evaluate 
this is the demand shifting, while also considering the system temperatures.  
The values used in the Rottne case are:  
 

• Outdoor temperature  

• Control signal (as an offset on the outdoor temperature) 

• Instantaneous heat demand 

• Supply temperature on the secondary side.  
 
These values have been used to evaluate the impact of the discharge and charge in relation to each other, and 
specifically for the charging since this is not part of the more extensive testing for the peak load management 
control strategy.  
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3.3.2.3 Results 

Graph 28 shows an example of charging a group of buildings in Rottne. The straight lines signify the control actions 
expressed in outdoor temperature offsets (left y-axis), while the jagged red line is the aggregated demand in kW 
(right y-axis). It can be clearly seen that the cluster of buildings are reacting to the control signals, and consequently 
increasing the demand.  

 
The x-axis Graph 28 shows the time of day. The left y-axis shows the control signal, as expressed as an outdoor temperature 
offset in °K. This relates to the straight green and pink lines. The right y-axis shows the demand in kW (read line). 

 

 
Graph 29 shows the same situation but in an individual building. The demand (blue line) clearly reacts to the control 
signal (green line). The secondary supply temperature in the heating system is increasing correspondingly as 
expected, although with a slight delay in relation to the control signal. This behaviour is also causing the slight delay 
that can be seen in Graph 28 where there is a small delay between the start of the control signal and the increase 
in demand. The same behaviour can be seen at the end of the control signal.  
 
Table 8 shows the average results of a number of control actions for charging in the Rottne grid. All tests were 
performed within the same range of outdoor temperature (0-5°C). The results are in line with similar tests for 
discharging, with a maximum impact in the building cluster approaching 50 % of the instantaneous demand.  

 

Graph 28: Aggregated demand (red line) reacting to a coordinated control signal among the buildings in 
Rottne 

Graph 29: Demand (blue line in kW, right y-axis) in comparison with the control signal (green line in °K, left 
y-axis) and the secondary supply temperature (red line in °C, left y-axis) in an individual building in Rottne. 
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During the testing of charging, it was also tested to discharge in order to restore the zero-sum as described in the 
previous section. In that case the results show zero-sum achieved to a level of 5.8 %. This number shows the level 
of mis-match between charging and discharging. A perfect zero-sum control would result in a value of 0%. The 
results in Rottne are in line with results shown in commercial applications of the STORM controller where the 
Market Interaction control strategy has been active for longer periods of time. In those cases, the zero-sum level 
normally ranges between 2-5% in accuracy.  
 
Table 8: Results of two-hour discharge testing 

Offset [°K] Reference [kW] Charged level 
[kW] 

Difference [kW] Quota [%] 

5 805 1176 371 31 

6 700 1080 380 35 

8 582 1141 559 49 

 
As an example, in Graph 30 an indication is given of the fluctuations in the electricity prices on the European Market8 
conform the ELIX during a random chosen period of time (in this case between February 4th and March 18th 2019).  

 
With an average value of €38.57/MWh, the peak value during this period was €106.11 while €2.14 being the lowest. 
Highest values occur during Tuesdays and Wednesdays between 6 and 9 and 18 and 19 hours; while the lowest 
values can be found every day between 0 and 5 hours. The average prices in the weekends are the lowest compared 
to weekdays. At times when the electricity market is flooded with (mainly with wind and sun generated) electricity 
at times with little demand, there is a chance that the price will even become negative: the buyer will then even be 
paid to purchase electricity. In conclusion: with Market Interaction a lot of money can be earned through the 
purchase of electricity with which the operational costs can be reduced. Depending on the electricity demand 

                                           
8 Source: https://www.epexspot.com/en/market-data/elix/index-table/2018-03-18/EU 

Graph 30: Example of fluctuations in electricity prices conform the ELIX (Feb 4 – Mar 18 
2019) 
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during the day, Market Interaction can only be effective for short periods of time, unless storage facilities are 
available. 
 

3.3.2.4 Conclusion 

The Market Interaction strategy uses both charging and discharging to adapt to a set of numerical values. In the 
case of CHP, these numbers represent a forecast of spot-prices for electricity, which is the origin of the market part 
of the name of this control strategy. In this case the values represent earnings, which means that the STORM 
controller will try to increase heat demand during times of high spot-prices and correspondingly decrease it during 
low spot-prices. This control algorithm can also be used with forecasted prices (instead of earnings), which basically 
makes the controller work the other way around (i.e. avoid high costs and premiere low costs). This versatility 
makes Market Interaction a powerful control strategy, and it now forms the foundation of several commercial spin-
off projects based on STORM technology.  
 
Since Market Interaction includes charging, the ability to ensure zero-sum is an important part of the control 
strategy. The zero-sum functionality ensures that customers do not get a higher energy usage than normal, even 
though this might have benefitted the grid as a whole. For example, a higher energy usage over a day might be both 
financially and environmentally beneficial, if it means to move the demand profile from fossil fuels to renewables. 
Tests have shown that the zero-sum in the demonstration sites was ensured in par with experience from 
commercial projects based on STORM technology.     
 
The primary conclusion is the ability to both charge and discharge alternatively in order to track the requested 
behaviour from the earnings/cost forecast. The ability to charge and discharge has been shown to range between 
30-50 % in short-term demand on individual building level.  
 
While the Market Interaction feature being tested between the hours 13 and 15 of the days, the average electricity 
price during these hours in the random chosen period has been €42.86/MWh (with €50.37 as peak and €31.86 as 
minimum value). Suppose the highest peak values can be flattened to the average values, then that would mean a 
15% price reduction on the electricity purchase during this short period of time. Combined with the ability of the 
controller for charging and discharging of 40% on average, the conclusion would be that the procurement costs of 
electricity could be lowered with 6%. 
   
 

3.3.3 Cell Balancing 

The Cell Balancing control strategy in STORM is specifically included to deal with the situation in the Heerlen 
demonstration site, in which several hydraulically disconnected clusters are attached to a low temperature 
backbone network. The low temperatures in combination with the physical set-up of the Heerlen district heating 
system makes it especially beneficial to balance the different parts of the network (i.e. the cells) in relation to each 
other. However, it is also foreseen that the Cell Balancing control strategy can also be used in more common district 
heating system set-ups for general distribution optimisation. 
 

3.3.3.1 Overview of the Cell Balancing control strategy 

The STORM controller implements Cell Balancing by means of hydraulic Peak Shaving for different clusters. The Cell 
Balancing system merges functionality for forecasting, planning and allocating control signals together with the 
individual vDERs for each control point in the grid. This adheres to the generic STORM controller architecture.  
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During the course of the project there has been testing performed in the Heerlen grid to evaluate different ways to 
influence the control points. This testing has been done both during heating periods (i.e. winter) and cooling periods 
(i.e. summer). Unlike the Rottne demonstration site in Sweden, the Heerlen grid has control points both in buildings 
and at so called cluster stations. These cluster stations are located between each cluster and the backbone, and 
basically act as a substation for that specific cluster. Based on these test periods it has been concluded that it is 
most beneficial for the Heerlen grid to focus on the cluster stations rather than the building as active control points. 
The reason for this is the special set-up in the buildings using heat pumps and other components controlled by the 
BMS (Building Management System) within the building heating system that are not possible to control by external 
influence (e.g. the STORM controller). Furthermore, the intermittent behaviour of the building interactions with 
the cluster makes it hard to generate robust models of their operational pattern. On the other hand, the cluster 
stations display more predictable patterns related to time of day and weather. This makes them easier to handle 
within the STORM framework of algorithms.  
 
The way that the STORM controller interacts with the control points has also been evaluated during the course of 
the project. The original plan was to interact with the control points in Heerlen in a way that is similar to the generic 
sensor override concept utilised in the Swedish demonstration site in Rottne which uses manipulation of the 
outdoor temperature signal for the building controller. However, since the buildings in Heerlen display a 
behavioural pattern very loosely correlated to changes in outdoor temperature, this makes such a control signal 
highly inefficient. During the testing it was also concluded that, even in those cases where such a correlation was 
detected, it was still inefficient due to delays in the internal building heating and cooling system.   
 
In order to address this issue, an alternative way to interact with control points was devised and consequently 
integrated into the STORM controller by Mijnwater and NODA. This control scheme is based on the control signal 
setting restrictions on maximum flow levels, which then gives the STORM controller a way to impose control 
behaviour at the control point. The existing system is still free to operate below those levels of restrictions, which 
means that the basic control behaviour of the system was not affected. This means that the system was more 
straight-forward to implement and consequently more robust in its operational behaviour. The STORM controller 
was then able to influence the behaviour in real-time using a control signal that in turn dynamically sets this 
maximum flow level. This, in turn, will lead to a larger temperature difference between the supply and return 
temperature to the cluster grid and will in the end lead to a lower supply temperature in heating mode and a higher 
supply temperature in cooling mode because the heat pumps in the buildings are forced to operate on more 
optimal levels.  
 
The flow level restriction was also combined with a safety trigger on the return temperature within the cluster, so 
that this was not allowed to fall below levels that could jeopardise the quality of service. The basic behaviour is that 
if the return temperature falls below a set level, then the flow restriction will be void. This is compliant with the 
generic STORM architecture way to ensure quality of service, although the indicator is different, (i.e. return 
temperature rather than indoor temperature). It should be noted that there are indoor sensors in several of the 
buildings in Heerlen, although they are not explicitly integrated in the optimisation process. No un-wanted 
deviations have been measured on the indoor sensors while the STORM controller has been operational.  
 

3.3.3.2 Description of the Cell Balancing mechanism implemented for Heerlen 

The intermittent behaviour of the control points made the construction of the models more difficult, and not 
achievable using the normal STORM set of algorithms. In particular, changes in system behaviour has fragmented 
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the data into shorter time periods ill-suited for time series forecasting, so the current models focus on recurring 
behaviours rather than on system dynamics.  
 
The focus of the testing has been on Cluster A and Cluster B in the Heerlen grid. For this purpose, three trackers are 
deployed for the clusters themselves and then also the set of controllable buildings within the two clusters. 
However, as per the conclusions in the previous section, the primary focus of the evaluation has been on the Cluster 
A and Cluster B control points.  
 
The trackers strive to minimise the sum of squares of the flow, thus implementing hydraulic Peak Shaving on cell 
level, while the vDERs for each control point strive to uphold safety constraints while allocating flexibility in an 
optimal way with respect to their individual models of the system. The result in practice is Peak Shaving in 
combination with Cell Balancing. The equilibrium is negotiated by means of alternating direction method of 
multipliers (ADMM), which, in addition to solving the problem, permits a financial interpretation of allocation 
behaviour.  
 
The optimisation process is being performed of a 3*24 hour time horizon from 1*24 hours into the past to 2*24 
hours into the future, with the hours into the past permitting recent behaviour to be taken into account. The 
process is reiterated every hour after which the control signals negotiated for the upcoming hour is implemented 
on site.  
 

3.3.3.3 Methodology used for evaluation 

The on-site testing in Heerlen has been done in two primary steps. Firstly, the response testing of the control points, 
in order to evaluate and confirm the ability of the STORM controller to influence their operational behaviour. 
Secondly, the deployment of the fully automated STORM controller. 
 
The first step has taken the longest, due to the complexity of finding an efficient way to implement control signals. 
The response testing has been done during both heating seasons (i.e. late autumn to early spring) and cooling 
seasons (i.e. late spring to early autumn). The methodology used is based on the response testing process also used 
for control points based on more common district heating substations. The purpose of response testing is to: i) 
verify that there is an ability to influence the operational behaviour of the control point and ii) to determine the 
outer boundaries of that influence. The second point (ii) is part of the process in order to ensure that quality of 
service is maintained at all times.  
 
Basically, the process starts off with very low intensity control signals being sent to the control point in question. 
Then the response of the control point is analysed based on the impact on measured data. If there is little or no 
response, the intensity is slightly increased and analysed again. This process is re-iterated until either the response 
is deemed sufficient or it can be confirmed that there is no response. In the latter case, the original installation 
process has to be reviewed in order to find a solution to the problem. In the former case, the control point is viewed 
as ready for operational use within the STORM controller. This process can be done either manually or automated. 
In a “normal” substation this can be automated, which is also a requirement for larger scale replication efforts, 
simply because it is not financially feasible to do this manually for a large set of buildings. However, in the case of 
Heerlen it had to be done manually due to the complexity of the control points involved. This, however, was not of 
any practical consequence since the number of control points were quite limited. 
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The operational behaviour of the fully deployed STORM controller is evaluated based on the flow and temperature 
measurements, since these are the ones available to the system. The values used are:  
 

• Supply temperature on the cluster side 

• Return temperature on the cluster side 

• Flow on the backbone side 

• Flow restriction level setpoint on the backbone side 

• Control signal intensity 
 
These values are evaluated in relation to the control signals sent by the STORM controller in order to quantify the 
impact and benefit for the grid.  
 

3.3.3.4 Results  

An example of response testing during a period of time in January 2019 is shown in Graph 31. The red dots show 
control signals being sent to the Cluster A grid station, while the green dots are measurements from the flow. Three 
levels of intensity of the control signal are shown in the graph. The first three instances around January 11th is at 
5°C offset on the outdoor temperature. The middle set of testing around January 17th is on 10°C offset. The last set 
of testing around January 23rd is at 15°C offset. Control signals with an offset up to 20°C have been used in order to 
verify the impact on certain buildings, without clear response. However, the grid stations at both Cluster A and B 
are responding well as detailed below. It can be noted that a common district heating substation will normally have 
a maximum offset of about 8-12°C. As a comparison, the substations in the Rottne site have hade maximum offsets 
in the range of 4-12°C throughout the project, which is considered “normal”.  

 
The x-axis in Graph 31 shows the date. The y-axis shows the flow (green line) in m3/h and the control signals as outdoor 
temperature offsets (red line) in °K. The offsets are only active when there are red dots in the line. 

 
Graph 32 shows a plot of the behaviour of the control point at Cluster A during about a month of data. Each step 
on the x-axis is one day.  

Graph 31: Response testing in Cluster A at the Heerlen site 
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In the graph, PS stands for Primary Side, and F stands for Flow. So PS_F shows the measured flow on the primary 
side (i.e. the backbone side). The PS_F_0 shows the predicted behaviour without control signals, while the PS_F_1 
shows the predicted behaviour with control signals.  
ODT_OS stands for Outdoor Temperature Offset, which is the actual control signal used by the STORM controller. 
It can be seen that it is hard for the STORM controller to exactly model and predict the behaviour of the control 
point, i.e. compare the green (PS_F) and red (PS_F_0) lines.  
 
Please note that although the control signal is modelled as an offset on the outdoor temperature, it is automatically 
converted to the maximum flow restriction setting by the STORM controller when active.   

 
The x-axis in Graph 32 shows the day in a month. The y-axis shows the flow in m3/h, the outdoor temperature in °C and the 
temperature offset (ODT_OS) in °K. 

Graph 32: Plot of Cluster A, showing the measured flow (F) together with undisturbed predicted flow (F_0) 
and optimised flow according to the STORM controller (F_1) 
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The x-axis Graph 33 is in °C. The y-axis is the flow in m3/h. 

 
Graph 33 shows a scatterplot of a model for Cluster A. While the process of constructing the model involves 
excluding outliers, the scatterplot depicts the generalised energy signature, including the excluded data (green 

Graph 33: Scatterplot of the model for Cluster A 
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dots), against the modelled (red dots). The main conclusion is the negative slope on the red data points, which 
show a correlation between the outdoor temperature on the x-axis and the flow on the y-axis.  
This means that the control point changes its behaviour in relation to the outdoor temperature. Since the outdoor 
temperature can be forecasted, it enables the STORM controller to generate a functioning predictive model. 

 
The x-axis in Graph 34 shows the day in a month. The y-axis shows the flow in m3/h, the outdoor temperature in °C and the 
temperature offset (ODT_OS) in °K. 

 
Graph 34 shows the same data as Graph 32 but for Cluster B. In this case there is some missing data in the measured 
flow, which is shown by straight horizontal lines in the green data (PS_F). For the most part, the STORM controller 
is able to model the operational behaviour, which can be seen by comparing the purple line (model) and the green 
line (measured data). There is a higher volatility in the measured data, but the overall trend of the system is clearly 
captured.  

Graph 34: Plot of Cluster B, showing the measured flow (F) together with 
undisturbed predicted flow (F_0) and optimised flow according to the STORM 
controller (F_1) 
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The x-axis in Graph 35 is in °C. The y-axis is the flow in m3/h. 

 
Graph 35 shows the corresponding scatterplot for Cluster B. Similarly, as in Cluster A there is also a slope on the 
red data, although it is not as accentuated here in Cluster B. However, this is still enough to model the operational 
behaviour of the system, and to ensure that the STORM controller has an ability to influence the control point. The 
horizontal clusters of green data points that can be seen are artefacts of the missing data also shown in Graph 34. 
This data is automatically disregarded by the STORM controller when creating the model.  

The x-axis in Graph 36 shows the time of day. The y-axis shows the flow in m3/h, the outdoor temperature in °C and the 
temperature offset (ODT_OS) in °K. 

 

Graph 35: Scatterplot of the model for Cluster B 

Graph 36: Example of an optimisation run resulting in the negotiated control signals in Cluster 
A 
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Graph 36 shows the complete results of a negotiation over a few days into the future for Cluster A. The red line 
(PS_F_O) is the undisturbed prediction of the operational flow rate, while the purple line (PS_F_1) is the wanted 
behaviour, coming from the Planner. This behaviour is the enforced by the STORM controller by sending the value 
in the orange line (ODT_OS), which in turn internally is converted to the maximum flow restriction value. The green 
line (PS_F) shows the measured flow value, but since this example shows values into the future there are no 
measurements so the value is locked on the last measured value resulting in a flat line.  

 
The x-axis in Graph 37 shows the day in a month. The y-axis shows the flow in m3/h, the outdoor temperature in °C and the 
temperature offset (ODT_OS) in °K. 

 
Graph 37 shows a corresponding optimisation run on Cluster B. The negotiation finds an equilibrium similar to that 
of Cluster A, which is to be expected due since the influencing parameter (i.e. outdoor temperature forecast) is the 
same for both clusters.  

The x-axis in Graph 38 shows the date. They y-axis shows the flow (green line) in m3/h, and the control signal, expressed as an 
outdoor temperature offset, in °K. 

 

Graph 37: Example of an optimisation run resulting in the negotiated control signals in Cluster B  

Graph 38: Activity of the STORM controller in Cluster A in Heerlen 
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Graph 38 shows a period of time when the STORM controller was fully active in Cluster A. The green line shows 
flow over the cluster station, while the red line shows the control actions. Compared with the Rottne case, in which 
the STORM controller only activates during occasional peak demand, the behaviour in the Heerlen case is 
significantly different. The STORM controller is sending control signal more or less constantly in relation to the 
current characteristics of the cluster networks, in order to balance its behaviour and reduce the supply temperature 
to get better performance from the heat pumps.  

 
The x-axis in Graph 39 shows the date. They y-axis shows the flow (green line) in m3/h, and the control signal, expressed as an 
outdoor temperature offset, in °K. 

 
Graph 39 shows the same period of STORM controller activity for Cluster B. A similar behaviour with daily variations 
can be seen as in Cluster A. The period during February 27th with a straight line in the flow (green line) is an artefact 
of data loss, and does not represent the actual behaviour of the flow during that period of time.  

 
It should be noted that although the STORM controller was active throughout the period shown in the above 
graphs, the settings of the safety trigger on the cluster return temperature where different. During the first part of 
the period the setting was 12°C and this was later lowered to 8°C, during February 21st. This lowering gave the 
STORM controller the ability to impact the operational behaviour in practice, which was not possible during the 
period of the higher set-point. The higher setpoint effectively cancelled out all impact of the STORM controller, 
which makes it possible to use such periods as references for comparison. During the particular period shown above 
the weather conditions were also quite similar throughout the period, with an average outdoor temperature of 
8,7°C during the 12°C period and 8.5°C during the 8°C period.  
 
The primary performance indicators available in the Heerlen case are the temperature levels and the flow levels, 
and how they are affected by the STORM controller. The general idea in the Heerlen case is to lower the supply 
temperature in the cluster networks, which results in lower return temperature in the backbone. In this way, the 
temperature difference between the supply and return in the backbone increases, resulting in a lower flow rate in 
the backbone. In this way, the backbone can serve more clusters. However, obviously the operational 
characteristics of the backbone influence the capacity within the individual clusters.  
 

Graph 39: Activity of the STORM controller in Cluster B in Heerlen 
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Table 9 shows the results of the testing with the active STORM controller compared to the reference period. The 
numbers of temperatures and flows are median values over the periods on an hourly basis.  
 
Result on Cell Balancing: 
The results indicate an increase of de dT on the primary side (the backbone) of 3.1 °K for cluster A and 2.6 °K for 
cluster B. This increase in temperature difference results in a potential capacity improvement ranging from 36.9% 
(cluster B) to 49.4% (cluster A). The influence of the two clusters combined, based on median values, lead to a 
capacity improvement which can be used for Cell Balancing of 42.1% on system level.  
During the test period there has not been sufficient time to test the controller on the individual buildings. This is 
mainly due to the complexity of the system and the fact that the connected buildings also produce energy and 
provide exchange between them, so that no clear consumption or exchange patterns could be determined where 
the forecaster could be adjusted to. Even after the completion of the STORM project, the controller in Heerlen will 
remain active with the eye on further development.  

 
Result on Peak Shaving: 
At the same time the median value of the flows from the backbone to the cluster installations decreased with 7.5% 
for cluster A and 34.1% for cluster B. For the Mijnwater system this Peak Shaving potential is extremely important 
as system-capacity depends to a large extent on the pump capacity of the wells. Combining the tested clusters, the 
Peak Shaving potential adds up to 17.3%, based upon median values. 
 
Once influencing the flows to the energy stations of individual buildings, the same benefits on capacity 
improvement and flow reduction may be expected, although on a smaller scale. Since the number of buildings in a 
cluster is greater than the number of clusters in the Mijnwater System, Cell Balancing will play a major role in the 
smart exchange of energy flows within the cluster. Naturally, the influence of Cell Balancing and Peak Shaving of 
individual connections within a cluster will only have a marginal impact on the total system, although a larger dT 
will always be beneficial for the entire network.  
 
Some remarks on the results: 

• Due to unforeseen circumstances, it has only been possible to test the controller for a short period of time, as 
a result of which relatively little data material could be collected to make a scientifically underpinned analysis; 

• However the results, presented on the cautious side, are unambiguous and very promising 

• The behaviour of the STORM controller has been active during prolonged periods of time, which proves its 
ability to maintain the control behaviour over time.  

 

Reference STORM dT/% Reference STORM dT/%

supply temperature [°C] 20.23 21.26 1.03 22.71 23.96 1.25

return temperature [°C] 13.9 11.8 -2.1 15.8 14.5 -1.3

dT [°K] 6.33 9.46 3.13 6.91 9.46 2.55

Flow [m3/h] 14.97 13.85 -7.5% 25.9 17.06 -34.1% Peak Shaving

capacity [GJ/m3.h] 0.03 0.04 49.4% 0.03 0.04 36.9% Cell Balancing

b
ac

kb
o

n
e

Cluster A Cluster B

Table 9: outcome of the Heerlen testing on Cell Balancing 
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3.3.3.5 Conclusions 

Cell Balancing was designed primarily for the case in Heerlen, which features hydraulically disconnected cluster 
networks together with a backbone network. However, the Cell Balancing concept is also viable for more general 
distribution optimisation in generic grids. It is not uncommon in district heating systems that the production 
systems are working in a good way, but the distribution systems are lacking (normally due to rapid expansion of 
the grid since the core parts of the distribution system was designed and built). In such scenarios, it can be possible 
to use the concept of Cell Balancing to balance the demand in different parts of the grid in order to facilitate a more 
balanced distribution behaviour.  
 
In the specific case of Heerlen, the STORM controller generated multiple benefits, by using Cell Balancing in 
combination with peak demand management. 

• The reduced flow rate in the backbone causes a decrease in pumping power. Since pumping power is 
proportional to the third power of the flow rate (at constant pressure conditions), the 17.3% reduction causes 
a reduction of pumping power by 35%.  

• The reduced return temperature to the backbone increases the capacity of the Mijnwater well system. Since a 
lower temperature is stored in the shallow mine galleries in winter, a lower temperate can also pumped up 
from these galleries in summer, and vice versa. 

• The reduced power in the backbone increases the capacity of the backbone system: this same backbone can 
serve more clusters. This opens up the possibility of network extensions. 
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4 DISCUSSION ON THE RESULTS 

4.1 TEST RESULTS 

During the lifetime of the STORM-project, the STORM controller has been developed and implemented in phases 
on the two demo sites in Rottne (Sweden) and Heerlen (The Netherlands). The most important parts of the 
controller are the forecaster, the tracker and vDER and -last but not least- the planner. 
 

4.1.1 Forecaster 

The general conclusion is that the STORM forecaster algorithms perform very well. Since the control objective in 
the Rottne network is Peak Shaving and Market Interaction, it is important to know when a peak occurs and how 
long it will last. It is shown that the forecaster algorithms are able to predict this very well in Rottne.  
For the Mijnwater network in Heerlen, the situation is entirely different to the situation in Rottne. In this network, 
because of the very innovative nature, it was decided to control the flow rate of the water extracted from the DH 
network, rather than the heat load, as explained in section 2.1.1.3. Therefore, during the project lifetime, the heat 
load was not recorded and instead the flow rate was monitored. However, the flow rate pattern turned out to be 
extremely fluctuating, and the flow rate was found not only to be mainly influenced by the outdoor temperature, 
but by a lot of other parameters to which the STORM platform did not have access too. Therefore, forecasting 
appeared to be extremely difficult and evaluation of forecaster performance on the Heerlen site was therefore not 
performed. However, the STORM controller uses a short-term forecaster even in the Heerlen case, in order to 
optimise its operational behaviour. 
 

4.1.2 Tracker and vDER 

The Tracker and vDER comprise vital parts for the STORM controller, since they interact to dispatch control signals 
to apply them to the individual buildings or energy stations and/or cluster installations.  
The primary purpose of the Tracker is to receive control plans from the Planner, and to disassemble these plans 
into control signals for the individual connections.  
The primary purpose of the vDER is to synchronise the process of accepting control signals from the Tracker, while 
simultaneously ensuring quality of service in the connections.  
It can be concluded that the Tracker as well as the vDER are mature components of the STORM controller, and that 
they are performing their tasks as expected. 
 

4.1.3 Planner 

The most important elements why the controller has been assessed on the two demo sites are the properties in 
the fields of Peak Shaving, Market Interaction and Cell Balancing. Especially through Peak Shaving and Cell 
Balancing, the capacity of DHC systems can be significantly increased, which offers very promising perspectives for 
significant efficiency improvements of the systems and much more favourable operating results. 
 
Results on Peak Shaving 
Based on the analysis, the results of the Peak-Shaving tests in the 3G DH network in Rottne showed a reduction in 
the peak consumption of 3.1%. It should be considered that only 9 buildings have been controlled, representing 
around 34% of the heat load on average. This peak heat reduction has been achieved despite an overall heat 
production increase of 69.1 MWh, which was probably due to an increase in the heat consumption of the large 
uncontrolled part of the building stock in Rottne, especially in January 2019.  If this month is corrected for, then a 
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peak heat reduction of 12.75% can be determined. From a more detailed analysis, it is observed that the change in 
the heat load of the controllable buildings correlates with the heat production power as expected, i.e. the higher 
the heat production power, the more heat load reduction of the controllable buildings. 
 
In the 5G DHC Mijnwater system in Heerlen, Peak Shaving was tested by controlling the flow at the supply side of 
the cluster installations (the exchange stations A and B between the backbone and the cluster grids), mountainously 
with the Cell Balancing feature. The tests were carried out in January and February 2019, with the long-term test 
period with the STORM controller full active throughout during the month of February 2019 being the most 
important.  
Reduction of the flow on the supply side means an increased activity of the heat pumps in the power plants with a 
greater cooling of the return flow in heat mode as a result. This means a larger dT in the system, so a higher capacity 
per volume of water. To avoid excessive cooling of the total system, a lower limit applies to the return temperature, 
initially set to 12 °C, later reduced to 8 °C during the test. It has been found that the controller was able to reduce 
the flow over the entire test period for a long time without jeopardizing the energy delivery to customers. From 
the evaluation of the results, a peak shaving potential of 17.3% could be determined with, as a derivative, a 
simultaneous capacity increase of 42.1% (see results on Cell Balancing). 
 
Naturally the increased activity of the heat pumps requires more electrical energy. On the other hand, the energy 
requirement for the transport of water will decrease considerably. These influences have been incorporated into 
the business models as elaborated in D6.2 Economic assessment of business models for DHC networks operators. 
 
Results on Market Interaction 
The Market Interaction strategy, tested on the Rottne demo site, uses both charging and discharging to adapt to a 
set of numerical values. In the case of CHP, these numbers represent a forecast of spot-prices for electricity, which 
is the origin of the market part of the name of this control strategy. Based on this forecast, the STORM controller 
will try to move heat demand to match higher spot prices, thereby increasing the financial gain of selling electricity 
while still ensuring heat delivery. The Market Interaction control algorithm can also be used for DHC systems 
without CHP, in which case the purpose is to avoid high production costs and premiere low costs. This versatility 
makes Market Interaction a powerful control strategy, and it now forms the foundation of several commercial spin-
off projects based on the STORM technology. 
The primary conclusion is the ability to both charge and discharge alternatively in order to track the requested 
behaviour from the earnings/cost forecast. The ability to charge and discharge has been shown to range between 
30-50 % in short-term demand on individual building level.  
If in a grid with high electricity costs (e.g. those including heat pumps), the highest peak values can be flattened to 
the average values, this would mean a 15% price reduction on the electricity purchase during this short period of 
time. Combined with the ability of the controller for charging and discharging of 40% on average, the conclusion 
would be that the procurement costs of electricity could be lowered with 6%. 
This option of the controller will be of great importance, especially for all electric systems such as that of Mijnwater, 
especially when sufficient thermal buffering has been provided in the system, making it possible to charge energy 
independently of the energy demand at times when the electricity price is most favourable. 
 
Results on Cell Balancing 
In STORM, Cell Balancing was specifically developed for and studied in the Heerlen demonstration case. However, 
the Cell Balancing concept is also viable for more general distribution optimisation in generic grids. It is not 
uncommon in DH systems that the production systems are working in a good way, but the distribution systems are 
lacking (normally due to rapid expansion of the grid since the core parts of the distribution system was designed 
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and built). In such scenarios, it can be possible to use the concept of Cell Balancing to balance the demand in 
different parts of the grid in order to facilitate a more balanced distribution behaviour.  
Since the Mijnwater System consists of a number of clusters connected to the backbone with all buildings 
connected to those clusters, there is the possibility of influencing supply flow at both cluster level and building level 
(Peak Shaving). As discussed, as a result of this, due to the higher activity of the heat pumps in the power plants, 
the dT and thereby the capacity of the system (clusters and/or backbone) increases. This capacity increase not only 
creates room to connect more buildings to the system, but also offers the possibility of influencing the mutual 
exchange rate between buildings and/or clusters. Unfortunately, it was not possible to study for the influence on 
the exchange rate during the test period, but instead the potential for mutual energy exchange was determined.  
 
From the evaluation of the tests performed an improved capacity could be derived ranging from 37 to 49%. The 
determined median value was set on 42.1% on capacity improvement. In the Heerlen case, Cell Balancing and Peak 
Shaving will have a simultaneous effect that leads to a combined capacity improvement of 52% which corresponds 
with a total of 48,200 nHE extra to be connected to the existing system.  
Furthermore, The reduced return temperature to the backbone increases the capacity of the Mijnwater well 
system. Since a lower temperature is stored in the shallow mine galleries in winter, a lower temperature can also 
be pumped up from these galleries in summer, and vice versa.  
 
Summary of the results: 
Table 10 provides an overview of the evaluated results of the STORM controller. 
 
Table 10: evaluated results of the STORM controller 

Evaluated results of the STORM controller 
Peak Shaving 3.1% to 12.75% (Rottne) on peak heat load 

up to 17.3% (Heerlen) on flow 

Market Interaction 31% to 49% on electricity purchase 

Cell Balancing up to 42.1% (Heerlen) improvement of system capacity through improved energy exchange 
potential  

Sustainability • 10-15% of annual energy savings of buildings, especially in combination with the Smart Heat 
Building service, up to more than 20% of the controllable load for extended periods of time (2 
- 3 hours), and towards 40% during shorter periods of time; 

• In Rottne, the CO2 emission of another 10,880 tonnes per year can be avoided. 

• In Heerlen, an additional amount of approximately 12,816 tonnes of GHG emissions can be 
saved. 

 

 
 

4.2 PRIMARY ENERGY REDUCTION 

In the H2020-call, titled “Technology for district heating and cooling networks”, the proposal should address one of 
the following areas:  

• Deploy a new generation of highly efficient DHC systems, capable of integrating multiple efficient generation 
sources; 

• Bring down heat distribution losses; 

• Develop optimisation, control, metering etc.; 

• Develop new solution for LT heat recovery etc. 
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In the Grant Agreement, the goals of the STORM project were primarily focussed on environmental and social 
impact (section 2.2.1.3. of Annex 1 part B and section 2.1.1.1.1. GHG emissions) in order to demonstrate a minimum 
of 30% reduction on primary energy demand. In section 2.2.1.1. we described the expected impact as "up to 30% 
energy reduction is envisioned depending on network configuration in terms of buildings, district heating efficiency, 
reliance on energy storage solutions, and other renewable technologies".  
With the results we have achieved in Rottne (over 99% less use of fossil fuels and the possibility to connect more 
customers to the DH grid) and Heerlen (67% less use of fossil fuels and another 14% extra due to the STORM-
controller) we are convinced that we reached the goals we aimed for in the project proposal.  
Since VEAB holds a potential of 34% of the heating market in Rottne (see D6.2 section 3.1.3), theoretically and with 
the integration of the STORM controller, another 20,000 MWh could be provided from the Rottne network. Since 
these buildings will then be connected to the highly sustainable Rottne energy system, the CO2 emission of around 
10,880 tonnes per year can be avoided.  
While the current Mijnwater system has a capacity of 44,300 nHE, the system has the potential to save 11,779 
tonnes of CO2 on an annual basis. With the features of the STORM controller, this capacity can be improved by 52% 
allowing 48,200 extra nHE to be connected to the system. This means that the STORM controller can save an 
additional amount of approximately 12,816 tonnes of GHG emissions. 
 
When it comes to the reduction in energy consumption of space and water heating by 30 to 50% compared to 
today's level, energy-reducing measures in buildings such as insulation have to be taken, in order to minimize the 
demand. In principle, the reduction of energy demand is a responsibility of the building owners.  
The smart STORM controller has been developed to improve DHC systems efficiency in order, on the one hand, to 
reduce the share of fossil energy and, on the other hand, to improve the capacity of systems; most certainly not to 
directly influence the energy demand of the connected customers. With the limited influence on customer’s 
demand, energy demands can be shifted only over short time spans. In the report “Project communication – 
Preliminary impact calculation of the STORM controller, February 2018” we have stated that “The building response 
tests show the ability to reduce the consumption of the buildings by more than 20% of the controllable load for 
extended periods of time (2 - 3 hours), and towards 40% during shorter periods of time”.  
Above that: when buildings are connected to the STORM controller, access to an enormous amount of data is 
obtained as well as insight in the building operation. As a side effect often malfunctioning of building installations 
such as wrong set points etc. are noticed, which makes that in practice NODA is able to achieve 10-15% of annual 
energy savings in the buildings, especially in combination with the Smart Heat Building service, which is currently 
operational in many hundreds of buildings. 
 
 

4.3 INCREASE IN DEMAND SIDE MANAGEMENT SYSTEMS 

During the project lifetime, a lot of effort was put in the promotion of Demand Side Management systems for DH 
networks. The importance of DSM in heat networks was presented numerous times on different conferences and 
workshops all over Europe as well as in South Korea. Additionally, by means of the educational packages developed 
in the project, awareness was created for professionals and students. 
 
It is clear that DSM in DH networks will become increasingly important in the coming decades, during the transition 
towards 4G DH networks. The integration of sustainable heat (such as heat from fluctuating renewable sources or 
excess heat from industry) can only be exploited to its full extend, when DH networks are controlled in a smart way. 
DSM is a form of smart control, by which the connected buildings are used as a source of flexibility. The benefit 
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about this form of smart control, is that large investments in additional installations (like large water storage buffer 
tanks e.g.) can be reduced: it makes use of already existing thermal capacity. 
 
That fact that during the project lifetime, the STORM controller already was applied in numerous commercial 
projects, prove that there is a market need for this kind of controllers. 

 
A lot of things influence the potential of the STORM controller from a market perspective, most primarily the 
maturity of the national and regional markets from both technical and business perspectives.  
The versatility of the STORM controller, with an explicit focus on both traditional (3rd) and modern (4th to 5th) DHC 
systems, facilitates a broader market potential by being able to address a range of applications. The European 
District heating market is currently worthwhile about 40 bn USD, and will grow with about 50% in the coming 10 
years. The Total Addressable Market in Europe with about 6,000 DH networks in continental Europe, would amount 
to about M€29.8 per year for the STORM controller. If we look at it from another perspective and focus on the 
amount of MWh controlled by the STORM technology, no matter how many buildings it takes to create that 
flexibility. If these data are extrapolated to the other European countries, taking into account the probable coverage 
ratios for DH in 2050, the total addressable market for the controller could increase to about M€196.4 per year.  
 
New developments and possibilities to extend the controller to other technologies and markets  
The STORM controller technology is based on generic use cases, versatile and flexible and can be extended to other 
domains or technologies. This primarily relates to the Market Interaction strategy, and to some extend to the Cell 
Balancing concept. Future developments will be made on the markets/technologies of district cooling, thermal 
energy storage systems, cogeneration and heat pumps integration and control.  
Furthermore, VITO is working on an evaluation module to provide to its customers an upfront calculation of the 
costs and savings of the STORM controller before a real implementation.  
 

  

Graph 40: Estimated addressable market for 1st and 2nd phase countries 
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5 CONCLUSIONS 

5.1 CONCLUSIONS 

1. The development of the controller to full active mode took longer than expected.  This was the reason that 
project deferment was requested and obtained in order to continue testing in both Rottne and Heerlen. 
Unfortunately, during this test it appeared that in Heerlen the operation of the controller in cooling mode did 
not have the desired result. As a result, during the PMB meeting in October 2018, the consortium had to decide 
to change the test strategy from direct influencing the energy demand of connected buildings to temperature-
dependent influencing the supply flows. Supplementary programming of the controller took so much time that 
first control actions could only be carried out from January 2019 and the actual test period ran in February 
2019. The results as analysed from these tests however, are extremely promising, despite the short testing 
period. 

2. De results as has been evaluated out of the test results have been determined as follows: 
a. Peak Shaving: 3.1% to 12.75% (Rottne) and 17.3% (Heerlen) 
b. Market Interaction: 31 to 49% 
c. Cell Balancing: up to 42.1%  

3. With the STORM controller: 
a. 10-15% of annual energy savings of buildings, especially in combination with the Smart Heat Building 

service can be achieved, up to more than 20% of the controllable load for extended periods of time (2 
- 3 hours), and towards 40% during shorter periods of time; 

b. In Rottne, the CO2 emission of another 10,880 tonnes per year can be avoided. 
c. In Heerlen, an additional amount of approximately 12,860 tonnes of GHG emissions can be saved. 

4. The controller has undergone an enormous change during the course of the project. Not only different features 
are built in, but the controller has also been adapted and is now suitable for use on multiple generations of 
energy networks. Without the learning process that the consortium partners have gone through, it would not 
have been possible to bring the controller to the level where it now has its scope. 
 

 

5.2 LESSONS LEARNED AND RECOMMENDATIONS 

1. it was no easy task to develop a controller that could actually meet the requirements and wishes that are 
imposed on it in practice. Many interim adjustments were necessary to eventually bring the controller to the 
level where it is today.  

2. It is recommended, that even after the termination of the STORM project, to continue the tests of the controller 
on both demo sites in order to collect more data and to be able to substantiate the obtained results even better. 

3. In order to be able to achieve an even greater impact on the efficiency of highly innovative DHC networks, the 
controller should also be made suitable to be able to control residual energy flows in combination with thermal 
buffering. This allows energy companies to take the step to total integrated energy management. 
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