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HIGHLIGHTS

e A linear multi-period optimization model of a district energy network is presented.

e Network structure and operation are optimized simultaneously.

e Optional energy suppliers, heat pipelines and heat storages are taken into account.

e A case involving an urban area is studied.
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In a world of growing concern over overconsumption and direct waste of resources, there is an urgent
need to discover ways of turning the course and embracing methods of saving energy. Energy, and
therefore resources, can be saved at every level of application, from the construction of machinery to the
use of transportation fuel, and above all at a systems level considering how different parts and pieces
come together to form structures of society. This article addresses the last issue by presenting a model for
optimizing the structure and operation of a distributed energy system, or more specifically, a district
heating system with its numerous alternatives for production and distribution of heat for a set of widely
different consumers. Considering energy supplier technologies and locations, distribution pipe topol-
ogies, optional heat storage utilities, and varying consumer demands and weather conditions over a set
of different periods, the model can calculate a structure and operational scheme for such system, dis-
playing optimal characteristics in terms of e.g. economy or greenhouse gas emissions. Functionality of
the model is demonstrated with a case study regarding the development of an urban area, and an
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economical optimization of its heating network.
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1. Introduction

Every light that is lit, every home that is heated, every car that is
driven, every process that is carried out in our society requires
energy in some form. Much of the foundation of modern society is
built upon a supply of energy for all the processes it encompasses,
energy which to a large extent is extracted from fossil fuels formed
during a span of millions upon millions of years, now sucked out of
the earth’s crust to satisfy human voracity. And despite knowledge
and information about the dangers of overconsumption of limited
natural resources spreading faster and to a wider public than ever, it
is projected that the demand for energy will continue to increase
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for decades to come. So for many, hope is placed in the develop-
ment of renewable and sustainable energy technologies to replace
the fossils of old. Much is expected also from novel approaches to
energy efficiency, as it has been assessed that up to half of the
current primary energy use could be cut simply by adopting more
efficient ways of supplying and distributing energy, and this only by
taking into account economically viable options [1]. Policies are
being directed along these lines, and for instance the European
Union has set a goal of reducing primary energy use by 20% among
its member states by 2020 [2]. It is clear that reaching these types of
savings requires drastic changes in how energy is utilized today.
Some of these changes could relate to how energy systems are
designed as a whole.

The concept of an urban energy system has been analysed and
articles on the subject have been reviewed by Keirstead [3]. A wide
range of tools and mathematical models have already been devel-
oped for the sake of optimizing energy systems and integrating
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new energy technologies into the field of distributed energy [4],
with different tools applying to different situations [5]. With regard
to district heating networks, operational optimization has been
performed both with distinct models of specific networks [6] and
by applying more general models [7]. The structural and opera-
tional optimization of district heating systems is often formulated
as a mixed-integer linear programming (MILP) problem |[8],
sometimes dealing with multiple objectives such as simultaneous
optimization of economic costs and CO, emissions with additional
techniques such as evolutionary algorithms [9]. Some models have
included more detailed attempts at optimizing the topological
structure of the pipeline network involved in a district heating
system [10], but they are not that common. Similarities in the
problem setting can however be found, for instance, in the planning
of networks of CO,-pipelines related to carbon capture and storage
technologies [11]. The purpose of this article is to present a multi-
period model for structural and operational optimization of district
heating systems and give examples of its usefulness as an aid in
analysis and decision-making.

2. Problem description

Large parts of the inhabited world experience cold winters with
temperatures commonly reaching far below the freezing point of
water. These climates require buildings and residences to be heated
in one way or another. While some houses have their own biomass-
or oil-fired boilers, others are connected via pipelines to centralized
heating plants, forming a district heating network. In these net-
works, water is heated at the heating plants and transported
through the pipelines to consumer sites where the heat is utilized.
The cooler water is then transported back to the heating plant,
forming a loop. Whichever way heat is provided to the consumers,
one system has to function in all the widely varying weather con-
ditions and consumption profiles throughout the year, which
makes designing the structure and operation of the system a
challenging task. In such a system, improvements in energy effi-
ciency can be reached at multiple levels of the energy chain, from
how different forms of primary energy are transformed into elec-
tricity and heat to how they are distributed and how they are uti-
lized in different applications. In the case of heating — of public and
commercial buildings, homes and industries — assessing the effi-
ciency for an entire region requires considering how every supplier
operates and which technologies they employ, how the pipelines
form the distribution network, how and if the buildings are con-
nected to the district heating network or if they utilize local heat
sources. These questions all need to be answered simultaneously,
which is why mathematical programming techniques come into
play. As long as appropriate data are available, most of the relevant
relations describing a district heating network can be modelled
mathematically and given treatment by optimization algorithms. In
order to be able to answer a wide range of relevant questions, the
models have to be flexible and quick, which calls for suitable de-
grees of simplification and careful considerations regarding what to
include.

Of course, an optimization model can only be as good as the
questions it is asked, so the objectives have to be well stated.
Environmental, social and economic aspects are all relevant when
dealing with energy systems, and in an ideal situation optimization
models could take all of these into account.

3. The optimization model
A simulation or an optimization can only be as good as the

mathematical models, parameters and data used to perform it. In
the present work, the model builds upon the work of S6derman and

Pettersson [12], and tries to preserve its clear structure and nimble
functionality. A district heating network is assumed to consist of
suppliers, consumers, heat storages and pipelines, which together
form a network of nodes and edges. The problem itself consists of
navigating through all the countless alternative network structures,
while ensuring that the network provides sufficient heat and
electricity to the consumers in a set of different periods, and that
different physical and technological constraints and restrictions
will not be violated. Through suitable simplification and lineari-
zation, the problem was formulated as a mixed-integer linear
programme, which was found capable at providing useful infor-
mation regarding possible optimal structures and operational
patterns for district heating networks. Keeping the model linear
was motivated by the desire to create a solvable and effective
model, especially since it is expected to be further developed into a
multi-objective optimization model.

Electricity is modelled as simply as possible, with consumers
having a demand which is to be satisfied either by electricity from
supplier nodes or from the grid, i.e. from outside the modelled
network. To this is added the electricity needed by any potential
heat pumps at the consumer nodes. All variables, coefficients and
parameters used in the model are listed and described in Table 1.
Indices used for main network components are Si for supplier node
i, Gj for consumer node j, Lm for pipeline m and Rk for storage node k.

3.1. Optimization objectives

While the requirement of the district heating networks in this
model is chosen as satisfying the heating demands of a set of
consumers, the question of how to do so in an optimal way can be
approached from several directions. The best network might as
well be the one causing the least environmental damage, or
perhaps the most economical one, in terms of natural resources or
money. Social impacts could be thought of as suitable criteria for
optimality, albeit more difficult, perhaps impossible, to quantify
and measure.

Regardless of which objective is chosen, the objective function
comprises investment costs related to the construction of new
network components, as well as costs related to the operation of
the network, written as

l‘l‘llI‘lC = Cil'lV + Coper (l)

Both terms consist of the contributions from all the individual
network components. This article will only describe an economical
optimization of district heating networks, so the objective function
minimises the annual amount of euros spent to deliver heat and
electricity to the consumers. This represents an overall cost of the
entire network, including local investments and fuel costs at the
consumer sites. Situations may arise where, for instance, a district
heating network run by several companies would have an overall
economic optimum that would place some of the involved com-
panies in less favourable positions than others [6]. But the aim of
this type of models is to find solutions of more universal character
rather than taking the view of individual stakeholders.

How the terms in the function are constructed depend on the
component, for instance the investment costs of suppliers (S)
depend on the type of technology chosen, so

Ns n:
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where both the fixed costs and the size-dependent costs differ
between different supplier types. For any existing supplier node, a
supplier type 7 has to be selected (cf. Eq. (21)), represented by the
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