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Abstract

Urban areas represent sensitive centres of energy use: the district scale notably appears
highly suitable for the implementation of energy management strategies. Recently smart
metering and monitoring applied to electrical grids have been drawing the full attention of
the scientific community. This is insufficient: the monitoring-based approach should address
the complete set of energy sources, carriers and conversion points, including district heating
systems. However, the deployment of IT-equipped energy networks raises economic and
regulatory issues that must be evaluated, including the competitiveness of ubiquitous
monitoring and the creation of new end-user pricing structures. Modern energy policies are
expected to face this evolution. This paper argues that direct and indirect benefits of
monitoring policies for district energy systems are numerous. The necessity to consider both
modelling and monitoring during project implementation is stressed: technical, economic and
environmental aspects of district energy systems are considered and help identify possibilities
for future studies.
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1. Introduction

Most western countries are facing the challenge of reducing energy use and the associated
greenhouse gas emissions in all sectors of their economy [1]. Over the last decade, the
relationship between environmental degradation, social and economic inefficiency on the one
hand, and unsustainable production and consumption patterns on the other has been stressed.
Future energy supplies will face the accelerating depletion of natural resources coupled with
the necessity to cope with climate and more broadly environmental changes: failures by city
planners to ensure the basis for adequate energy supply infrastructure will have tremendous
negative impacts on local economies and the environment. Innovation and integration are
going to play a fundamental role in tackling this challenge: the development of all
infrastructures must reflect this thinking. Without serious upgrading of existing networks and
metering infrastructure, increased generation from renewable sources and adopted energy
markets changes will occur at a much slower pace than current scenarios deem necessary (see
[2]). From buildings to cities, comprehensive model frameworks turn out to be highly
necessary to anticipate the technical, economic and social impacts of adopting new
technologies and energy policies. In this paradigm, districts represent a favorable
development scale for the planning, modelling and implementation of energy management
strategies [3-4]. A great deal of modelling techniques is born from the necessity to face these
relatively new requirements of designing sustainable and low-energy urban networks [5].
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Stakeholders may have diverse motivations when launching district energy management: the
modelling orientation shall be positioned at the intersection of these requirements. The
selected modelling tool is theoretically enough flexible to allow defining and illustrating each
actor’s own concerns [6].

This paper offers an analysis of the couple modelling-monitoring on a district level,
emphasizing the benefits of integrating long-term monitoring approaches based upon on-site
measurements. Measures fuel the forecast energy models to challenge the expected values,
thus modelling and monitoring are two sides of the same coin and are stressed as inseparable
assets, especially during decision-making process. The monitoring concept has initiated a
change of thinking and represents a progression from traditional design where medium and
long-term impacts of energy networks were too often put aside: quality control of energy
systems has slowly moved toward quality management. This evolution follows the framework
set out in current European environmental and sustainable policies which foster the increase
of eco-efficiency and identify all activities, tools, policies and mechanisms for tracking
progress and energy consumption levels in urban areas [7]. It also follows in the footsteps of
previous works regarding community energy management, a notion defined as the
combination of planning and energy management concepts, involving integrated resource
planning and demand-side management approaches [8]. This paper especially focuses on the
potential of monitored district heating systems. Heat represents a major fraction of modern
society’s energy needs: the installation or upgrading of district heating systems with advanced
and integrated solutions has the potential to reduce energy use and environmental pollution
[9-10].

2. District Energy Modelling

2.1. District energy networks

A district energy network is a concept built around the assumption of a cluster of
electrical and thermal loads together with small, or at least decentralized, sources of
electrical power and heat. Power sources are most of the time mixed, including
renewable sources such as photovoltaic or wind generators together with fossil fuel
generators or storage units meeting local heating requirements and/or generating
electricity. District energy involves multi-building power generation, heating and
cooling, in which heat and/or cold is distributed by circulating hot water or low-
pressure steam through underground piping [11-14].

Existing and future district energy systems will have to be efficient and cost-
effective to be competitive on deregulated energy markets which are becoming
nationally and internationally integrated [15-18]. One of the strong benefits of the
district approach is to enhance more imaginative schemes for meeting the local energy
demand in a flexible manner with the available potential of small scale generation while
considering consumer behavior. Therefore district energy planning requires a precise
assessment of current district energy needs and their probable development over time.
Design and optimization processes account for several successive stages: selection of
the most efficient technologies, optimal configuration involving the definition of all
components and interconnections, details of operating flow rates, pressures and
temperatures of the working fluids for heating and cooling networks, and finally
calculation of dynamic optimal operating points [19]. Following these initial phases, a
maintenance and operational plan is commonly set up.
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2.2. Urban energy modelling

When getting into modelling, the scale of the district is to be considered carefully.
Traditional modelling methods range from the building scale — mostly described
following a forward approach, a physical representation of the energy fluxes — to the
city, predominantly modelled following data-driven techniques, and based upon
statistical data sets. The calculation of district loads is often translated into the former,
which means a generalized physical description of the district systems that incorporates
losses in the distribution and auxiliary sources. Today intermediate methods such as
grey-box approaches are being developed at the crossroads between forward and
statistic models [20-21].

Using this plurality of design philosophies, energy modelling has been and still is the
most basic approach in aiding energy planners. The major ambition of energy models is
to create efficient tools for decision support and policy making, which require a precise
set of assumptions and rules, depending on the exact purpose of the project. Models are
used to represent, simulate and reveal what could be weaknesses in a project or identify
opportunities before implementation. They can reveal unexpected facets of a
combination of systems, or later highlight divergences between initially modelled load
curves, real site and optimized consumption patterns. Therefore this paper puts forward
the argument that monitoring is an additional asset to the modelling, and should be
integrated into the general project structure. Challenging modelling forecasts with on-
site measurements helps to optimize the demand-side load management and
subsequently also the forecasting capabilities of the model used.

3. The Monitoring Approach

3.1. The complexity of modern energy management

Urban planners are fully aware of the complexity inherent to energy management
scenarios. Consequently cities start responding in the form of local and adapted
strategies that encompass a wide range of stakeholders, actors and sectors. Thus, the
large number of characteristics used to define district energy use patterns spans from
technical and economic to social and environmental dimensions, each of which
requiring a specific analysis within the necessary process of data management. For
instance, in the deregulated energy markets, even when energy planners are private
companies that make investment and business decisions, they are still constrained by
social, regulatory and political issues [22]. In the short-term, they face the requirements
imposed by the restructuration of a fast-evolving and deregulated energy sector, while
in the medium and long-term, they are now expected to take sustainable measures and
add other criteria that are harder to monetize. This is a dramatic and welcomed
evolution, since district planning approaches have traditionally focused on technical
and economic aspects and have neglected environmental, social and political concerns.
Therefore planning and monitoring take place at three different levels, that is to say
operative, tactical and strategic: operative while targeting high-efficiency facilities,
tactical when trying to protect the interests of all involved players, and strategic while
having mid and long-term perspectives.

3.2. Technical and non-technical dimensions of monitoring

The concept of monitoring on a district scale underlines the growing will of energy-
optimized networks and durable processes. Monitoring networks implemented on top of
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physical architectures are considered to be real assets and should be both implemented
and regulated: challenging modelling forecasts with on-site measurements during
operation strongly helps optimize the demand-side load management. The additional
communication-based monitoring architecture is designed in such a way that all
network players have the possibility to interact at any time and in all directions [23-24].
Once again, this is all about information. Information is necessary for all energy actors,
most especially utilities and regulators, to provide a framework for a competitive
market and ensure the constant efficiency of district energy systems, paving the way for
more cost-effectiveness.

Monitoring is to be considered during initial project stages with the aim to validate
the final achievements and document the design calculations. Baedeker [25] made clear
that any measurement system dealing with quantitative aspects produce reliable results
and point out a direction towards sustainability when combined with an assessment
system which will also include qualitative data. In other words, the production of
integrated results is dependent on strategies combining measures and evaluation. The
‘best’ district energy network would be that satisfying a criterion of optimality, which
mathematically boils down to finding the optimal conditions which give the extremum
of an objective function of the overall operation system. This simplified overview
should not conceal the challenge inherent to the definition of the function itself, which
contains all the variables contributing to the system performance. In the case of district
energy networks, the function may be defined as the aggregated global cost relative to
demand, or focusing upon reliability, efficiency and environmental impacts. In light of
the multiplicity of potential project objectives and linked sets of indicators, a resolution
framework is to be decided on a case-by-case basis, following the initial conditions set
out of the study.

The added value of installing communication architectures lies also in the
multiplication of multi-usage experiments integrating monitoring that will generate the
production of large amounts of data and improve future post-analysis and decision-
making processes. The mid-term result will be a more useful and reliable information
for use by planners and energy utilities. This is especially important when regulators
compare the obtained data with business models of utilities to design an appropriate
redistribution scheme and global policy [26]. New policies should stipulate the gains
involved for each actor in order to redistribute accordingly the regulation-induced
revenue [27], districts represent an intermediary scale in-between buildings and cities,
two distinct scales which have been traditionally studied respectively through physical
and data-driven representations. While new models combining statistic and forward
strategies are developed to overcome the difficulties inherent to the intermediate scale,
the potential of monitoring in helping plan load schedules and future design is
preponderant. Therefore monitoring of district energy networks is to be built on two
complementary pillars: on one hand the technical dimension, dealing with the selected
technologies and energy flow paths - including the availability of the energy resources,
the evolution of demand for the different involved end-use energy types or the control
of technologies regarding energy conversion, transport or storage; on the other hand,
the decision-making dimension, considering the economic and societal impacts, the
influence of systems on the environment and the political and social implications.

3.3. The example of smart electric grids

Monitoring approaches for electric grids are largely developed, attracting the
attention of the scientific community and public authorities. Smart grids can be defined
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in several ways and involve a large range of technologies. The European Union® defines
them as “electricity networks that can intelligently integrate the behaviour and actions
of all users connected to it - generators, consumers and those that do both - in order to
efficiently deliver sustainable, economic and secure electricity supplies”. The US
Department of Energy adds the capacity of “self-healing from power disturbance
events, operating resiliently against physical and cyber-attack, accommodating all
generation and storage options and optimizing assets and operating efficiently.”

Most European countries are today involved in smart grid pilot projects. The
implementation and application of Information and Communication Technologies
(ICTs) intervenes at different levels of the power value chain, targeting generation,
transmission and distribution grids, smart metering and finally intelligent buildings. At
plant level, monitoring devices measure power outputs and consumptions in real time,
sending data back and forth to the electrical network manager and the customers.
Monitored distribution grids come along with demand-side management strategies
which help grid operators anticipate the load schedules and ensure the network stability,
entailing adapted pricing schemes. At residential levels, the installed smart meters
allow the regular reading, processing and feedback of consumption data to the customer
[28]. Today demand response by domestic energy users is not yet a spread practice.
However, when all buildings and national companies are able to adapt their energy
consumption on demand, the reliability of supply, the stability of the upstream
(production) and downstream (consumption) markets, the customer awareness and the
global network efficiency will be enhanced. The benefits of electricity grid monitoring
would thus contribute to the planned energy goals of national governments and foster
the elaboration and application of climate protection policies [29].

4. District Heating: a Technical Perspective

4.1. District heating networks

The control of district heating systems is a complex task, since production and
distribution are characterized with a considerable response delay mainly due to the size
of the distribution network [30]. In order to face this problem of inertia and non-
linearity of the system behavior, planning the production and distribution so that
customers are constantly supplied is a necessity. The simplified architecture of district
heating networks is generally built around key elements: one (or several) central
plant(s) producing the necessary amount of heat to meet the demand, potential heat
stores, a complex underground piping network and substations embedded within the
network which represent one - or a set of - customer(s).

Originally designed as independent technologies, each substation generally tries to
satisfy the demands of its downstream customers without taking into account the rest of
the network. Therefore a district heating network is a collection of autonomous entities,
resulting in a behavior which is only optimized locally. Any shortage of the systems
would for instance favor the customers close to the plant. In the meantime, the plant
operator does not have much information concerning the state of the network. This
together with the high distribution time results in that the heat production is roughly
estimated by the operators, who often waste energy to ensure sufficient and continuous
heat supply [31]. The problem is highly dynamic and frequent decisions and selections
have to be made to run properly the system and minimize costs: it can include, for

1. http://www.smartgrids.eu
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instance, the amounts of heat to be produced by the various embedded plants, water
temperature levels to set up or pumps to be started and stopped.

4.2. The monitoring architecture

The first interest of monitoring for district heating is to add controllers and sensors
that make it possible to reduce surplus production by increasing the knowledge about
the current and future state of the global system: monitoring thus relies on the
penetration of ICTs. These equipments have been rapidly developed in terms of
affordability and availability, new competitors and players continuously fostering the
inherent research and development, proposing innovative services and solutions at all
levels of the power value chain [23]. The added value of ICT applied to district heating
networks is multifold. Operators are mostly interested in the ability of equipped
networks to adapt rapidly to meet ongoing information requirements, the autonomous
processing of repetitive tasks and the flexibility offered to utilities and users to get
information through constant connection services [31-32]. Processes of networks
optimization are performed at the crossroads of data measurement and suitable
simulation models. Methods and strategies are determined to detect the optimum
operation point on the basis of the initial mathematical descriptions and the future
available data. Recently energy planners have been focusing on ways to do so, with a
specific attention for the necessity of monitoring at different time and space scales,
because changes must be measurable at every required level [21].

However, the available monitoring technologies are costly and should be reduced to
the minimum to obtain exploitable and suitable economic results. Engineers and
planners shall agree on a balance between necessary amounts of data and budget to
invest in the monitoring phase. On one hand, engineers should be able to lose sight of
the high-level results precision inherent to detailed physical models when the focus is
put on having a broader approximation of the energy consumption of a system. On the
other hand, planners do not have to sacrifice a posteriori investments with aim to cut
immediate costs when monitoring allows reducing networks consumption in a long-term
perspective. Therefore the monitoring program must be defined based on the expected
customers’ needs, and the performance specifications of the installed systems
determined accordingly.

Three distinct stages are definable, from the initial project development to the
operating phase. During the project development, the design of the networks must be
checked following the stated energy consumption requirements. The development of
performance baselines follows, with the creation of a metering plan based upon the
system conditions, the energy performance plans and the required comfort levels. Then,
during the implementation of the monitoring equipment, operation and control
schedules must be defined. Documents should be proposed and validated by all
stakeholders. Finally, during the monitoring phase, the key point is to keep the
monitoring phase continuous, providing weekly, monthly and annual energy savings
reports and tracking errors and digressions. An overview is given in Figure 1 below. In
practice, the implementation of these guidelines is today often compromised by a lack
of awareness from involved actors; an incomplete or inappropriate design that does not
meet the monitoring phase requirements (insufficient number of control points, lack to
human resources to maintain the monitoring equipments running, etc.) or the necessary
budget [33-34].
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Figure 1. District heating project modelling and monitoring stages

5. District Heating: Non-technical Dimensions

5.1. Economic benefits

The benefits attributed to monitoring are numerous. One of the key direct benefits for
the consumer is the cost saving achieved by reducing demand and the possibilities to
shift his individual consumption to off-peak periods. In parallel, energy utilities will
chase savings on production costs and substantial balancing during periods of high
demand [27]. While the enhancement of market stability and robustness is often
stressed, others direct advantages exist such as expanded product and service offerings,
more accurate bills, avoiding capacity, more equitable and fair rates, improvement of
customer satisfaction, conservation effect on energy usage from direct feedback,
modernization of the district heating industry and accelerating the adoption of more
efficient systems [26, 35-36]. The fitting of ICTs on top of the physical heating
architecture means that data on failures or outages are more easily available and prone
to analysis, leading to an enhanced precision during reparation and better future outage
anticipation. Also, thermal losses can be measured accurately and dealt accordingly.
Monitoring will not only improve reaching the efficiency targets, but also the safety of
the infrastructure through facilitated maintenance, supervision and work on the heat
networks. Development of smarter district heating grids is therefore expected to bring
new opportunities all over the heat value chain: the final objective is an integrated
information and communication infrastructure where all processes run automatically
and information flow between actors is facilitated.

Local planning strategies such as district heating are simultaneously supportive of
larger objectives including improved sustainability, accessibility of services and general
improvements to urban livability: some of them are non-immediate or intangible non-
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monetized benefits. Although the added value of optimized district technologies may
somehow be implicit, it does have a tremendous impact on markets. For instance, a
faster restoration from a service outage leading to more robust demand response
behavior is a key element of district heating financial success and market development.
Also, monitoring allows regulators to monitor efficiency levels and accordingly
structure incentive schemes inherent to networks performance. Besides, the expanded
service choices enabled by metering and communication technology are essential if
consumers are to realize the potential benefits of the wholesale competition. A
comprehensive framework is thus necessary to evaluate and distinguish benefits sources
that can be traced back to utility cost savings from those that result from indirect or
secondary impacts on consumers [35]. Economic profit as a result of monitoring can be
expected in the mid-term at best when the operators succeed in developing new
additional functions and services for which the customer feels a real need and for which
he is willing to pay [31].

5.2. Communication, cooperation and stakeholder engagement

Key to the development and implementation of integrated monitoring systems are
communication, cooperation and dialogue. This pioneering approach in a traditionally
technical field intends to gather actors from policy, production and consumption fields.
Constraints are logically expected to be faced; the most relevant political instruments
are thereby to be considered to support the effort locally. Suitable regulation and
guidelines must then be developed to ensure the transparency and credibility of the
monitored district heating networks, and promote a straight-forward, coherent and
informed planning process. Importantly, these guidelines must be built upon the three
fields of sustainability — ecological, social and economic — and defined according to
criteria revealing the project value chain in its entirety. Stress must be put on fostering
communication with the public to ensure that project costs and benefits are perfectly
understood, and engage all actors in an early debate about project outcomes.

Some of the perceived benefits of district energy management are based on the
technical and economic life cycle cost analysis for providing energy supply. However,
there may be strong differences in the values society perceives from the alternative
technologies to be installed. Integrated management systems at larger scales, including
districts, are more likely to offer various benefits to individuals and society as a whole,
but the key challenge will be to present these advantages to the greatest number, and
make them accept. Communication on the benefits of smarter networks for consumers
and citizens, in terms of security of supply, decarbonisation of the energy sector and
energy efficiency should be core to local policies of acceptability [37]. However the
environmental argument should be considered carefully by investors and regulators to
not ignore the economic viability and thus reproducibility of the projects.

The monitoring concept should also account for future trends and developments that
may influence consumption and production, such as globalization, the development of
the information and knowledge-based society, structural change of employment,
individualization and the change of values. It is clear that gains presented to customers
should be first price cuts, although it directly raises the question of precisely
forecasting the monitoring infrastructure cost. It is expected that the added value from
optimizing the networks and mastering the consumption will counterbalance higher
prices due to regulation of and higher security and reliance on the heat systems [38].
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5.3. Benchmarking

It is of utmost importance to be capable of assessing complex developments in the
current social-policy environment. New policies raise the question of the control of
their application. They should ensure that all project phases, and not only design, favor
energy efficiency by identifying benchmarks for tracking progress. Effective,
transparent and non-misleading tools are to be developed for involved stakeholders and
final consumers.

The introduction of benchmarks, notably into developer negotiations, is an example
of necessary evolution towards more stakeholders’ awareness. The question of
benchmarking for district heating is primordial and complex. The traditional design of
thermal networks creates natural monopolies where a single supplier is connected with
a large range of customers. Rezaie [3] highlighted that such specificity had played a
major role to foster the liberalization of other energy markets such as electricity or gas,
because trans-areas transmission networks have been able to facilitate their
development. Therefore, a good way to ensure fair prices to district heating consumers
could be benchmarking. Benchmarking aims at rewarding good performance of energy
utilities by measuring efficiency and quality of services set against levels pre-
determined by regulators. The interest of benchmarking is twofold [22-39]: on the one
hand, the regulated utilities finally enter in an enhanced competitive market, which
helps them be up to date regarding modern technologies and organizational know-how.
On the other hand, all actors including consumers and regulators are given norms
against which they have the possibility to compare the performance of energy utilities.
Benchmarks definition and techniques used to measure them are numerous, ranging
from the simple key figures, econometrics and DEA models, or between frontier-based
and non-frontier-based methods [40]. As a result, it could be proposed that
certifications are delivered to energy utilities only if the states of the energy network at
different defined periods meet the theoretical initial target values [8, 10, 22].

6. Conclusion

The implementation of district energy strategies follows a three-stage process: initial
design phases which require integrated energy models, site implementation and finally
network operation involving maintenance and monitoring. Monitoring brings more
symmetry to these processes and is expected to improve the network’s productive and
allocative efficiency. Energy utilities are better positioned to forecast peak periods and
propose adapted management measures and dynamic tariffing, which means prices that
exactly meets consumers’ expectations. While direct and indirect economic impacts of
monitoring systems can be strenuous to measure and monetize, they largely contribute
to the benefits that consumers and developers realize from monitoring investments. The
resulting transparency of actual efficiency levels and the associated benefits could
possibly also result in new business models for contracting services. Current projects
are expected to exploit synergies between modern objectives of urban development,
notably regarding human comfort and security of energy supply, and current targets of
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reducing energy consumption and cutting greenhouse gas emissions. Multi-scale
planning and monitoring requirements are today better described and are increasingly
implemented into local policies. This recent move towards integrated energy networks
highlights a new holistic approach where design choices are made from a community
perspective.
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