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Abstract: The paper discusses the outcomes of the conference organized by the InDeal project.
The conference took place on 12 December 2018 in Montpellier as part of the EnerGaia energy
forum 2018. A holistic interdisciplinary approach for district heating and cooling (DHC) networks
is presented that integrates heterogeneous innovative technologies from various scientific sectors.
The solution is based on a multi-layer control and modelling framework that has been designed
to minimize the total plant production costs and optimize heating/cooling distribution. Artificial
intelligence tools are employed to model uncertainties associated with weather and energy demand
forecasts, as well as quantify the energy storage capacity. Smart metering devices are utilized to
collect information about all the crucial heat substations’ parameters, whereas a web-based platform
offers a unique user environment for network operators. Three new technologies have been further
developed to improve the efficiency of pipe design of DHC systems: (i) A new sustainable insulation
material for reducing heat losses, (ii) a new quick-fit joint for an easy installation, and (iii) a new
coating for reducing pressure head losses. The results of a study on the development and optimization
of two energy harvesting systems are also provided. The assessment of the environmental, economic
and social impact of the proposed holistic approach is performed through a life cycle analysis.
The validation methodology of the integrated solution is also described, whereas conclusions and
future work are finally given.
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1. Introduction

Energy is considered as a strategic commodity that shapes the world economy and constitutes one
of the main indicators of economic competitiveness and employment. Today’s societies constantly ask
for more energy, while the consequences of the changes of the climate are more than evident because of
the current fossil-fuel based economies. More than half (54%) of Europe’s primary energy sources are
imported from outside its zone [1]. This percentage is expected to rise up to 60% by 2020, and possibly
to 70% by 2030 [1,2]. District heating and cooling could play a crucial role to remedy this increasing
energy imports dependency by replacing imported energy with local resources and at the same time
reducing significantly the overall primary energy needs. DHC networks provide a smart, sustainable
and inclusive infrastructure that is capable to adapt to potential uncertainties associated with climatic
emergencies providing high levels of reliability in energy supply [3]. DHC systems and technologies
can lead to primary energy and carbon emission reductions making use of various energy conversion
processes for heat losses recycling. A transition from the current fossil fuel-based DHC systems into
future fourth generation sustainable energy systems requires holistic approaches that allow large-scale
integration of renewables along with new technologies for pipe design and insulation, as well as the
application of intelligent monitoring and control tools [4].

The H2020 European project InDeal [5] (Innovative technology for district heating and cooling) is
an innovative project focused on the development of energy-efficient, eco-friendly and cost-effective
solutions for district heating and cooling systems (DHCS). The project’s goal is to lower energy demand
for DHC and to improve systems’ efficiency by creating the tools for better system monitoring what can
lower energy losses and reduce bills for the consumers. InDeal is a project funded by the Horizon 2020
Framework Program (topic: H2020-EE-2015-2-RIA) of the European Union under grant agreement
no. 696174. The project brings together a number of organizations from different sectors (Table 1),
such as research organizations with expertise in control, machine learning, materials and energy
harvesting, industrial partners with wide experience in software development, smart meters and
system integration, as well as district heating and cooling services providers. Real case studies will be
hosted by two network operators in France and Slovenia in order to test the sub-systems and the final
system of InDeal under operational conditions.

A number of recent studies [6–8] emphasize that Europe’s district heating and cooling systems
must undergo a radical change into low-temperature district heating networks interacting with low
energy buildings, as well as becoming an integrated part of smart energy systems. Towards this
direction, the InDeal project offers a holistic solution (Figure 1) addressing the majority of the
technological challenges encountered in today’s DHCS. Specifically, the project offers an innovative
platform that will impose a fairly distribution of heating and cooling (H&C) among the network’s
substations by:

• Real–time monitoring of energy consumption via artificial intelligence enabled meters;
• Short-term weather and energy demand prediction using advanced deep learning algorithms;
• Energy storage monitoring, modeling and prediction;
• Intelligent control algorithms for optimal scheduling of production units and distribution of loads

that guarantee economic performance and energy efficiency;
• The 24/7 monitoring of the district heating and cooling system by a user-friendly central

control platform;
• Energy harvesting solutions to enable future deployment of autonomous sensors;
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• Novel pipe design solutions and innovative insulation materials to minimize distribution
heat losses.

Table 1. The consortium of InDeal.

Partner. Role Country

City University London (CITY) Control and machine learning (Coordinator) UK

NAITEC Materials and piping system Spain

Centre for Research and Technology—Hellas (CERTH/IBO) Energy storage modeling Greece

The French Alternative Energies and Atomic Energy
Commission (CEA) Energy harvesting France

IZNAB Sp. z o.o. (IZNAB) Life Cycle Analysis, dissemination, exploitation Poland

Center for Technology Research and Innovation (CETRI) Data-driven forecasting algorithms Cyprus

Net Technologies Finland (NET) IT, web-platform Finland

PROMAR Ltd. (PROMAR) Smart meters, system integration Poland

Energetika Projekt d.o.o. (ENERGETIKA) DH network operator Slovenia

Syndicat national du chauffage urbain et de la climatisation
urbaine (SNCU)

French national district heating and cooling
association/dissemination France

Société d’Équipement de la Region Montpelliéraine (SERM) DHC network operator France
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Figure 1. The integrated InDeal solution.

The aim of this paper is to present the outcomes of the InDeal conference and at the same time
stimulate a discussion on the future challenges of the DHC sector towards more energy efficient and
intelligent automated solutions. The rest of the paper is organized as follows: Section 2 presents
the individual advancements of the different system components (sub-systems) as discussed and
presented in the conference. The validation methodology of the integrated solution is given in
Section 3. Conclusions and future directions are provided in Section 4.

2. Key Innovations of InDeal

The technological achievements of the partners, as discussed during the conference, are briefly
presented below.
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2.1. Multi-Layer Control and Modelling Framework

The InDeal design tool aims to minimize the total plant production costs and distribute
heating/cooling in a large number of buildings in a district under uncertainties in the energy demand
and weather while satisfying the load demand from the end-users. The proposed control architecture
employs a multi-layered structure that allows for a decomposition of the large-scale optimal control
problem in smaller subproblems that are tractable and computationally efficient. Each layer addresses
a different decision/control problem working at different time-scale/resolution and has its own cost
function and constraints. The couplings and interactions between the decision variables and constraints
at the various levels are defined by the hierarchical control structure.

More precisely, the control framework consists of:
Superstructure model: At the higher control layer, a superstructure model handles all the strategic

decisions for the efficient management of the DHC system. It is implemented as a constrained
optimization problem with mixed binary and continuous decision variables.

The decision problem at this layer provides a unit commitment and economic load dispatch
strategy for the overall DHC system. As a cost criterion, a custom objective function that reflects the
energy production costs and the variable running costs of the plant has been designed. The decision
algorithm takes into account constraints, such as:

(a) Energy balance between production and customer demand;
(b) Production units’ capacities;
(c) Minimum up/down time that a boiler should be kept on/off;
(d) Temperature limits per each generation unit;
(e) Ramp limits (up/down) per each production unit;
(f) Thermal energy storage dynamics and physical constraints; and
(g) Reliability constraints.

Slow time-scale model: At the middle-layer a slow time-scale model captures the continuous
dynamics of the system, e.g., the transported water in the DH pipelines and optimizes the continuous
system variables, such as supply/return temperatures and mass flow at the central plant. The control
algorithm receives the outputs (decision variables) from the superstructure model and provides
a supply temperature control strategy that satisfies the energy balance constraint and hence the
consumer satisfaction.

Fast time-scale model: A fast-time scale model has been developed for the lower control layer which
deals with the basic process control and regulation at the substation level. DH substation control
system is set to supply the consumer secondary-side with a preset temperature (ref. set point) that is
dependent on the outdoor temperature through a heat curve. The control system has been designed to
guarantee its operational stability and achieve the desired substation performance.

The design tool receives as exogenous inputs the information from the artificial intelligence
(AI)-based supporting tools regarding the weather parameters, the energy demand prediction and the
available energy storage content. In order to automate the advanced control concept and solve the
decision problems in near real-time, a preliminary integration plan has been designed that allows for
reliable data exchange between the modelling/control framework and the information captured by
the AI-based supporting tools. More information about the proposed control framework can be found
in [9].

2.2. AI-Based Supporting Tools for Weather, Energy Demand Prediction and Energy Storage Modelling

A two-stages machine learning (ML) approach was implemented to predict the DHC users’
energy needs. The methodology relies on readings from smart meters and contextual information,
such as weather historical data and forecasted parameters. Specifically, the methodology comprises of:
(i) A weather forecasting unit that is trained on local weather data (many years of historical data) and
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predicts future weather parameters within a horizon of 24 h at maximum, and b) a short-term, real-time
energy demand prediction unit that makes use of both weather predictions and energy consumption
historical data in order to predict accurately the forthcoming consumers’ energy needs within the
same time horizon of 24 h. Specifically, long short-term memory (LSTM) networks [10] were trained
using historical data from both sites, such as day of the week, time of day, current/previous energy
consumption and forecasted weather parameters. The trained model was able to estimate the future
energy consumption of the DHC networks for the next hours with a mean square error (MSE) of less
than 0.1 for both plants in Vransko and Montpellier.

CERTH/IBO developed an ML model for the operation of a heat storage tank, located in Vransko
Slovenia. An energy storage framework was established where each component involved in the
production, exchange and storage of energy was modelled separately, including solar panels, a heat
exchanger and a biomass boiler. Subsequently, the generated submodules were interconnected in
order to model the entire operation. Advanced machine and deep learning algorithms were tested
and evaluated based on their performance in modeling each component separately, as well as the
framework as a whole. Random forest [11] outperformed all other algorithms and thus was selected
and implemented for the modelling of all the components. The model managed to achieve a final 0.5%
error in predicting the output temperature of the storage tank, with a less than 5 min of total runtime.

2.3. Advanced Metering Infrastructure

PROMAR developed advanced data metering devices with a modular design and wide range
of extensions providing scalability and easy adaptation to various type of equipment in a given
controlled installation. The devices are used for telemetric data acquisition from the supported
building/substation and enable remote change of the functioning parameters of the connected devices.
They are plugged-in directly to meters, sensors and automatic equipment and are capable to extend
their functionality. The devices transform regular meters into AI meters and allow the real-time
reaction to user-defined alerts. The operating system of the devices is developed to meet the project
requirements and has the possibility to be upgraded remotely from the configuration server. It adds
some enhancements to existing metering devices i.e., schedule of various appliance usage, supervision
of supplied power and power quality diagnosis, short-term load forecasting, revenue-grade payment
capabilities, such as load profiling, time-of-use, display of energy consumption. The advanced metering
devices were installed in both DHC networks (in Vransko and Montpellier) collecting information
about all the crucial heat substations ‘parameters including pressure, temperature, current and average
flow, current power and characteristics of the pumps.

2.4. Insulation Materials and Piping System Design

NAITEC has developed three new technologies to improve the efficiency of pipe design of DHC
systems: A new sustainable insulation material for reducing heat losses, a new quick-fit joint for an
easy installation, and a new coating for reducing pressure head losses. An eco-friendly insulation
material based on nanocellulose was obtained with an improvement of 11% in heat losses with respect
to the current PUR solution that is used in DHC pre-insulated pipes. A new quick-fit joint design
was also developed with the potential to substitute the current welded joint in rigid pipe solution,
with the advantages of easy installation, no requirements of special equipment, no leakage under
hard working conditions and capacity of absorbing thermal expansion of the pipeline. Finally, a new
internal pipe coating with anti-adherent properties was developed to reduce pressure head losses,
caused by roughness in the short term, and by scale deposition and corrosion during the system
performance in the long term.

2.5. Energy Harvesting

CEA developed two energy harvesting system, one water flow energy harvester and one thermal
energy harvester. These systems make smart flow meters able to work for years without any human
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intervention by replacing batteries and improve the quality and to reduce the costs of water networks
monitoring (flowrate, temperature, pressure, leakage detection, pH meters).

This study [12,13] is the first to propose the optimization of a centimeter-scale water flow harvester,
as well as its long-term characterization in a real application case. It shows high output power at high
flow rates (490 mW@9 m3·h−1) in both cold and hot water with very low-pressure losses (<50 mbars).
The proportionality between the rotation speed of the turbine and the flow can be used to turn this
energy harvester into an autonomous flowmeter. Besides, thermal energy harvester shows high output
power at high temperature gradient (peak at 34.8 mW with ∆T = 38 ◦C).

2.6. Web-Based Platform

Net Technologies (NET) presented the progress over the development of the Central Monitoring
and Control web Platform (CMCP) which hosts and visualizes all the different subtools and systems
developed within the project. The goal of the CMCP is to offer a unique user environment which will
not only present the measurable parameters of the DHCS but will also act as a transfer mechanism
between the InDeal technical solutions for energy efficiency improvements. The proposed CMCP
enables the end users to clearly evaluate the benefits of adopting InDeal design and innovations into
their DHC networks. The main characteristics of the CMCP are summarized, as follows: (i) It has a
scalable architecture, independent of any operating and database manager system; (ii) CMCP does
not depend on the end user hardware/software (computer, laptop, smart phone); (iii) it enables web
based access which allows connectivity anytime anywhere; (iv) it provides notification and alarming
functionalities based on user needs and user access rights; (v) it integrates statistical and reporting
functionalities and (vi) it is based on a security-enabled and privacy-enabled design in order to
guarantee the confidentiality of the access and data within the platform.

2.7. Life Cycle Analysis

IZNAB performed a life cycle assessment (LCA) study in order to provide detailed data about the
environmental, economic and social impact of the InDeal project’s solutions. The impact assessment
was divided in two parts: (i) Analysis of the environmental and economic impact comparing the new
cellulose nano-fiber insulation material with the most commonly used PUR insulation and (ii) analysis
of the environmental, economic and social impact of DHC plants (in Vransko and Montpellier).
To assess the impact of DHC plants’ data with respect to emissions, used fuels, distributed H&C power
were provided by the plants’ operators (ENERGETIKA and SERM) and further analyzed by IZNAB
using specialized LCA software—SimaPro [14]. The comparison was performed with the data obtained
before and after the implementation of the InDeal solution in both real case study plants. Regarding
the insulation material NAITEC, that is responsible for its development and testing, provided data
about the materials and the energy used in the production process, their cost, as well as information
about the waste generated during the production. IZNAB analyzed the data and compared it with the
production process of PUR materials for pre-insulated pipes also using the SimaPro software.

The social impact assessment of the InDeal system was carried out focusing on three stakeholder
categories: Workers, value-chain actors, and local communities. The analysis for Vransko and
Montpellier case-studies revealed that the risk of undesired impact is low (or even very low) and that
the impact of the InDeal technology may be further strengthened in the future to achieve higher levels
of energy efficiency. This could be achieved by exploring how the data obtained from national smart
metering platform could be used to (i) develop personalized recommendations for saving energy;
(ii) more targeted policy interventions; (iii) measure actual building performance and (iv) develop
compliance and enforcement measures.

3. Validation for the Integrated Solution

Apart from the individual assessments of all the proposed technologies (as are briefly presented
in Section 2), the consortium is working on the validation of the efficiency of the integrated InDeal
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system in terms of cost reductions within the real operation of two DHC networks. The methodology
adopted here for a fair and accurate demonstration of the proposed system is the following.

• Step 1: At a given time t, we record all the set-points of the system. We observe the operation of
the system for a time period of ∆t and a cost estimation is performed corresponding to the specific
time period.

• Step 2: At the same time t, we run the InDeal solution that generates the optimal set-points of the
network. We perform the same cost analysis using the selected new set-points for the same time
period ∆t.

• Step 3: A cost comparison is performed between the existing operation of the system and the
proposed scheduling by InDeal.

• Step 4: The same process is repeated for a long period and the overall cost figures are calculated
for both approaches (the control strategy that is currently adopted versus the proposed one by
InDeal).

• Step 5: After the end of the testing period, the proposed control scheduling of the InDeal solution
will be integrated to act directly on both networks.

The DHC network of Odysseum in Montpellier [15] and the DH network of Vransko [16] have
been selected in order to perform test assessment in the operational environment of the sub-systems
and the integrated InDeal system. A detailed description of the test sites is given in [5].

4. Conclusions and Future Directions

The paper presents the advancements of the InDeal project. The project brings together a
number of complementary technologies, including smart meters, information, communication systems,
advanced analytics, machine learning and control, as well as insulation materials, piping systems
and harvesting solutions. Towards the ultimate goal of optimizing the current DHC networks,
the proposed technologies were tested in the plants of Vransko and Montpellier and the results of the
individual components were briefly discussed. The applicability of our proposed control solution was
demonstrated using energy demand data collected by the smart meters on the field. The AI-based
supporting tools were proved to be useful by: (i) Estimating the future energy consumption of the
DHC networks for the next hours with a mean square error (MSE) of less than 0.1 and (ii) predicting the
output temperature of the storage tank with a 0.5% estimation error. An improvement of 11% in heat
losses was achieved by the proposed nanocellulose material with respect to PUR that is currently used
in DHC pre-insulated pipes. A new quick-fit joint design was also proposed and a new internal pipe
coating with anti-adherent properties was developed to reduce pressure head losses. Two harvesters
were manufactured and tested. The water flow harvester showed high output power at high flow rates
(490 mW@9 m3·h−1) in both cold and hot water with very low-pressure losses (<50 mbars), whereas
the thermal energy harvester achieved a peak at 34.8 mW with ∆T = 38 ◦C. Finally, the social impact
assessment of the integrated system and the final web platform was carried out focusing on three
stakeholder categories: Workers, value-chain actors, and local communities.

Future work includes the overall validation of the integrated InDeal system following the
aforementioned 5-step methodology (as presented in Section 3). The consortium also plans to validate
the robustness of the proposed approach over a number of uncertainties associated with exogenous
factors. To achieve this, the effect of the weather and energy demand forecasting error on the control
performance will be assessed through the use of stochastic controllers’ variants. The AI-based energy
storage modeling module will be integrated within the controller as a means to capture the current
storage capacity of the DH network. Future directions also include the application of the energy
storage modelling not only to quantify the current capacity of the energy storage tank but also predict
its future capacity within a time horizon of a few days. A crucial future step is the final integration of
the control framework and the supporting technologies in a web platform that will be user-friendly and
will allow optimal decision making and planning. The authors are planning to conduct a feasibility
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study for the potential use and applicability of the new piping system with autonomous sensing
capabilities through the use of energy harvesting. Overall, InDeal project shows unique potential for
the transformation of current DHCS into next-level automated networks following a holistic approach
that guarantees the increase of the overall energy efficiency accomplishing a fairly distribution of H&C
based on the estimated energy demand.

Author Contributions: Writing—original draft preparation, review and editing, S.M.; Multi-layer control and
modelling framework, I.M., G.H. and N.K.; Energy storage modelling, A.A.; Advanced metering infrastructure,
B.M.; Insulation materials and piping system design, J.O.; Energy harvesting, E.S. and P.G.; Web-based platform,
M.P. and H.J.; Life Cycle Analysis, J.P. and E.L.; Use case A, I.R. and S.P.; Use case B, M.K.; forecasting modules,
K.K. and A.E.

Funding: This research was funded by the European Union’s Horizon 2020 research and innovation program
under Grant Agreement #696174: Innovative Technology for District Heating and Cooling (InDeal).

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

The following abbreviations are used in this manuscript:

DHCS District Heating and Cooling System
DH District Heating
DHS District Heating System
H&C Heating and Cooling
LSTM Long Short-Term Memory
ML Machine Learning
AI Artificial Intelligence
MSE Mean Square Error
PUR Polyurethane
CMCP Central Monitoring and Control web Platform
LCA Life Cycle Analysis
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