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Abstract

District Energy Systems (DES) have been widely rec-
ognized as crucial components for successful national
energy transitions towards meeting 2050 greenhouse
gas emissions’ reduction targets. While District Heat-
ing Network (DHN) still has a role to play in these
transitions, so-called “Anergy Networks” (AN) allow
to exploit synergies between heating and cooling sec-
tors, representing a promising opportunity to improve
energy efficiency in urban areas. This type of ther-
mal network combines the provision of cold (via di-
rect cooling) and heat (via Heat Pumps (HPs)). To
fully exploit the benefits of DES all the components
involved in the district must be optimized, from the
heat source to the final users, including the distribu-
tion network. The numerous studies in the literature
aimed at the optimization of DES proves the increas-
ing interest in the topic. However, the authors have
noticed a gap in the definition of network tempera-
tures and the comparison of different networks types.
In this framework, this study aims at proposing a
Mixed Integer Linear Programming (MILP) super-
structure for the identification of optimal preliminary
DES designs and operation, including an anergy and
heating network at different temperatures.

Key Innovations

• Demand estimation in urban areas and geo-
graphical clustering considering natural barriers

• District energy systems optimization including
network types, layouts, temperatures and diam-
eters

• Systematic investigation of the best network op-
erating temperatures

Practical Implications

The developed methodology allows to investigate at
a preliminary stage the best network types, layout
and operating temperatures to supply the different
districts of a city. In particular a DHN at different
potential temperatures and an AN fed by the ground
water are investigated and compared in a systematic
manner thanks to a flexible MILP based superstruc-
ture.

Introduction

Buildings’ construction and operation account for
nearly 40% of the CO2 emissions worldwide (IEA
(2018)). With the increasing urge to reduce our en-
vironmental impact, efficient energy conversion and
distribution systems for the supply of urban districts
are thus mandatory. In this framework, heating, cool-
ing and anergy networks appear to be promising so-
lutions. They can indeed supply energy over large
areas and at a low cost, while allowing for diverse
sources of heat to be used. Especially, these networks
often allow to retrieve heat from waste incineration
plants (e.g. about 38% of Switzerland’s DHNs are
supplied by waste incineration plants, as reported by
ASCAD (2019)), whose available power would remain
untapped otherwise. However, practical implementa-
tion constraints associated to the diverse buildings’
heating systems (stressed by the recent growing num-
ber of installed HPs) make optimising the deploy-
ment of these networks non-trivial. In this context
researchers have thus showed a particular interest in
optimizing network topology, design and operation.
In particular, four key attributes of the network op-
timization process emerge in the literature: the user
scale (e.g. city, neighborhood, district), the number
of locations considered, the optimal temperature and
the types of network included.

State of the art

Table 1 lists some of the numerous studies in the liter-
ature aimed at the optimization of DES, highlighting
their main characteristics.

Fazlollahi et al. (2014) optimized DES through a two-
level approach, assigning to the master non linear op-
timization the choice of the DHN temperature.

Stadler (2019) extended to a neighborhood level the
MILP framework initially proposed for single build-
ings, concluding that a multi-location problem formu-
lation allows for a more cost-efficient use of available
energy resources due to the presence of the DHN, de-
spite its temperature not being optimized.

Harb et al. (2016) proposed a MILP based approach
for the optimal design and operation of energy sys-
tems for different types of residential buildings, in a
stand-alone and neighborhood configuration includ-
ing a local DHN. Despite the network temperature
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not being optimized, results showed that the use of
thermal networks allowed both cost and emission re-
ductions with respect to the single building scenarios.

Marquant et al. (2017) proposed a MILP framework
to optimally design and operate a large scale urban
energy system, while maintaining a satisfactory res-
olution at the building level. The authors focused
on the problem decomposition, giving minor impor-
tance to the set of conversion technologies, without
including any whose performance is influenced by the
network temperatures, such as HPs.

An additional example of hierarchical decomposition
strategy to tackle DES optimization is the one pro-
posed by Jing et al. (2019). The network layout was
optimized within each neighborhood independently
and used for both a heating and cooling network,
whose temperatures were not optimized.

Henchoz et al. (2015) showed some pioneering work
in the field of AN. The authors investigated refrig-
erant and water based district heating and cooling
networks for a district in Geneva, grouped into sev-
eral clusters. Results have shown that the use of an
AN could reduce the final energy consumption over
80% as compared to the current situation.

Aunedi et al. (2020) proposed a MILP based frame-
work for the optimal planning and operation of dis-
trict heat production assets, taking into account the
interactions with the local and national electricity in-
frastructures. The DHN was considered already ex-
isting and therefore not subject to the optimization.
The authors pointed out the crucial role of the whole-
system analysis to exploit the benefits outside the lo-
cal districts.

Pieper et al. (2019) investigated the integration of
large-scale HPs into Estonian DHN, considering the
seasonal variation of the heat source temperature and
the corresponding Coefficient Of Performance (COP)
trends. The authors developed a MILP approach to
compare different potential locations for the HP with
respect to the urban district and various low tem-
perature heat sources. The whole existing district is

considered as a unique user, with aggregated demand.

Bordin et al. (2016) focused on the optimization of
a large scale network layout within the context of
a DHN expansion, based on the revenues associated
with the connection of new users and the cost re-
quired for the connection. The methodology was then
extended by Kuriyan and Shah (2019) to include the
selection of the optimal mix of technologies. To over-
come the problem complexity a limited number of
time periods was used. The impact of heat prices on
the selected layout of the distribution network was
also investigated.

The numerous studies in the literature aimed at opti-
mizing the design and operation of DES prove the
increasing interest in the topic. However, the au-
thors have noticed a gap in the search of the op-
timum network temperature and the comparison of
different networks (e.g. DHN versus AN). For this
reason the current work focuses on developing a flex-
ible MILP superstructure able to compare different
potential network types, temperatures, and layouts.

Heating and cooling demand estimation

A precise estimation of the thermal demand is cru-
cial for the design of thermal networks in urban ar-
eas. Indeed, this does not only influence the topology
of the network but often even determines the eco-
nomical viability of the project. In order to reach a
satisfying level of precision, data about the thermal
consumption of buildings is thus needed. Access to
measured data reveals to be difficult for different rea-
sons. First, confidentiality issues hinder the distribu-
tion at large scale of data such as energy consumption
profiles, considered as private. Then, measurements
are often not available and measurement campaigns
are extremely expensive. Finally, the large variety
of measurement and thermal systems makes it hard
to deal with the data. In this paper, the following
procedure is applied. The consumers are first di-
vided into two categories: large and small users. The
installed power of the large consumers is extracted
from a confidential database. Their thermal demand

Table 1: Review of studies on district energy system optimization
Study Problem User Nr. Nr. Optimal Type of

Formulation Scalea Locations Time-steps Network T Network(s)

Harb et al. (2016) MILP B/N 6 12 × 24 7 DHN
Stadler (2019) MILP B/N 3 8 × 24 7 DHN
Henchoz et al. (2015) - AD 32 365 3 AN
Fazlollahi et al. (2014) MINLP AD 13 8 × 24 3 DHN
Jing et al. (2019) MILP AD/N 6 3 × 24 7 DHN
Marquant et al. (2017) MILP AD/N 14 12 × 24 7 DHN
Aunedi et al. (2020) MILP AD 1 3 × 24 7 DHN
Pieper et al. (2019) MILP AD 13 8760 7 DHN
Bordin et al. (2016) MILP D 1000 1 7 DHN
Kuriyan and Shah (2019) MILP D 500 NA 7 DHN
This work MILP AD 16 6 × 24 3 DHN/AN
a
B: building, N: neighborhood (building stocks of few eventually aggregated building), AD: aggregated district, D: district
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is then computed using an energy signature model
(Girardin (2012)). On the other hand, small con-
sumers’ thermal demand is obtained by performing a
dynamic simulation of each building individually.

Figure 1: Obstruction computation for the reference
building (in red) by the surrounding ones (in blue).
Building’s horizon depicted in blue and Sun’s height
in orange, red and green for respectively the 21th of
December, June and March.
The method chosen in this paper aims to be simple
enough to allow for a computation of the thermal de-
mand at large scale while limiting the inaccuracies.
First of all, general information about each build-
ing is extracted from a national database (e.g. year
of construction, type of building, number of floors,
etc.). Then, the exact ground surface and location
of the buildings are extracted from OpenStreetMap®

as shapely geometries1 using an open source Python
module named DistrictHeatingDesign2. Once these
data are gathered, a simple one-node model is devel-
oped and an hourly simulation of each building is per-
formed. The building parameters presented by Page
et al. (2014) are used. These parameters mainly de-
pend on the construction year of the building. Three
other inputs are required: internal gains, external
temperature and solar irradiation. The internal gains
are estimated according to the Swiss norms (SIA
380.1 (2016) and SIA 2024 (2015)). The hourly exter-
nal temperature and irradiation are generally avail-
able at weather stations. In particular, the solar irra-

1Shapely is a Python library for the “manipulation and
analysis of geometric objects in the Cartesian plane”. See
https://shapely.readthedocs.io/en/latest/index.html for more
information

2See https://gitlab.com/crem-repository/dhd

diation is of prime importance as it plays a key role in
the overheating of a building and thus in the cooling
power required. An attempt of taking into account
the obstruction induced by geological constraints and
by surrounding buildings is performed. The overall
process is showed in fig. 1.

First, the mountain horizon as well as the Sun tra-
jectory are retrieved. Then, each building is consid-
ered separately. Its surrounding buildings are identi-
fied and the associated height angles are computed.
Height angles (denoted by θ on fig. 1) are defined here
as the angle between the middle of the facade of the
considered building and the top of the facade of the
neighboring ones. The building is then considered as
being fully in the shadow when the height angle of
a neighboring building is larger than the sun height
and fully in the sun otherwise. The width of the ob-
struction is taken to be the width of the building in
a direction perpendicular to the segment between the
obstructed building and the obstructing one. The
irradiation value is then computed using direct and
diffuse hourly radiation measurements. Direct radia-
tion is projected on each face of the building. With
this approach, external gains are evaluated and the
internal temperature of the building can thus be com-
puted. Once this is achieved, a clustering of the days
for the reference year is performed. Both ambient
temperature and global radiation are considered. Six
typical days are extracted and used in the optimiza-
tion process.

Neighborhood identification

In a first step, the city is divided into different neigh-
borhoods. The total thermal demand of each neigh-
borhood is then aggregated to represent a customer.
The division of the city into several regions is per-
formed using an Integer Liner Programming (ILP)
approach based on the geographical location of the
buildings and taking into account natural barriers.
The latter has to be understood as “any possible ob-
ject which could prevent the deployment of the net-
work at a specific location”. In this paper two natural
barriers are considered: railway tracks and rivers. It
means that a cluster could not include buildings situ-
ated on both sides of a barrier. An illustration of the
clustering is provided in fig. 2. A total of 10 clusters
is chosen arbitrarily. The optimisation of the num-
ber of clusters as well as the introduction of build-
ing temperature levels in the clustering process are
considered beyond the scope of this paper and thus
not investigated. Temperature profiles, in the form
of heating curves, are assigned to the users accord-
ing to the information of the heat source currently
used. Cooling demand is considered to be needed by
all the users at the same temperature, also linearly
dependent on the ambient temperature.
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Model formulation

In this section, at first the primary objects involved
in the model are introduced, followed by the presen-
tation of the linking constraints. The model repre-
sents an extended and improved version of the one
presented in Belfiore et al. (2020).

Primary objects

The set of units u ∈ U identifies the actors in the
system. Each unit is assigned to a geographical lo-
cation (lc ∈ LC), characterized by a triple of coor-
dinates. All the operating profiles are defined for a
set of time steps t ∈ T, chosen through a clustering
algorithm. The latter is based on the k-medoids for-
mulation presented in Stadler (2019). To each time
step a frequency of occurrence ft and duration dt is
assigned. Each unit is constituted by a set of material
and/or energy streams s ∈ S associated to different
layers ly ∈ LY to properly impose mass and energy
balances. A particular type of layer is the one group-
ing thermal streams, defined as “heat cascade layers”:
ly ∈ HC ⊂ LY, including hot streams needing to be
cooled down (s ∈ HS) and cold ones needing to be
heated up (s ∈ CS).

Linking constraints

Sizing and scheduling

The investment decision for each unit is defined by
a binary variable yu, while the installed capacity fu
and operating load fu,t by continuous ones (1).

fmin
u · yu ≤ fu ≤ fmax

u · yu ∀ u ∈ U (1)

fu,t ≤ fu ∀ u ∈ U,∀ t ∈ T

Resource balances

Neglecting any possibility of storage, for all resources
at each time step the balance within each layer (ex-
cept the thermal ones) is defined by (2).∑

u∈Uly

Ṁ−u,ly,t −
∑

u∈Uly

Ṁ+
u,ly,t = 0

∀ ly ∈ LY \HC,∀ t ∈ T (2)

Where Ṁ
+/−
u,ly,t is the resource flow of type ly in-

put/output to the unit u ∈ Uly during the time step
t, linked to the unit reference size and defined by (3).

Ṁ
+/−
u,ly,t = Ṁ

+/−,ref
u,ly · fu,t · ft · dt

∀ u ∈ U,∀ ly ∈ LY \HC,∀ t ∈ T (3)

Heat integration

To solve the heat integration problem, while ensuring
the feasibility of the heat exchanges (i.e. respect-
ing the second law of thermodynamics) a heat cas-
cade formulation is included at the location level and
for each layer, as initially proposed in Papoulias and
Grossmann (1983). Each thermal stream inherits the

multiplication factor of the parent unit fu,t, which
is distributed among all the potential heat cascade
layers the stream belongs to, as reported in (4).

fu,t =
∑

ly∈HC:s∈Sly

fs,ly,t ∀ u ∈ U \HP,∀s ∈ Su

(4)
The above equation is valid for all units except for
the HPs, for which different equations, reported in
the section Heat pumps, are employed.

Heat and cold distribution network

The set of potential networks n ∈ N includes a heat-
ing and an anergy network at different potential tem-

peratures, defined by the couples T
f/r
n ∈ T

f/r
n . Defin-

ing network temperatures allows to construct a su-
perstructure of utilities able to cope with all the tem-
peratures. In particular in this study the possibility
of different temperature levels for the DHN has been
investigated. The superstructure of hot and cold net-
work utilities (nu ∈ NU) includes one cold and one

hot utility for each couple T
f/r
n and each network n in

any location identified as potential route of the net-
work n. Network utilities represent heat exchangers
and are used to close the heat cascade at the loca-
tion level and to define the temperature profiles of
the mass flowing to and from each location. The exis-
tence of a network is governed by a binary variable yn.
All locations are coupled, forming the set of poten-
tial connections (lc1, lc2) ∈ LCN. Any directed edge
between two generic locations (lc1, lc2) is a potential
network pipe, defined by a binary variable ylc1,lc2,n.
The existence of each network edge is subjected to the
parent network activation and eventually to a binary
parameter ylc1,lc2,n to restrict the choice of network
edges, as reported by (5).

ylc1,lc2,n <= yn (5)

ylc1,lc2,n <= ylc1,lc2,n ∀ (lc1, lc2) ∈ LCN,∀ n ∈ N

Moreover additional constraints omitted here enforce
that only one feeding line of the same network can be
installed between two locations, only one couple of
temperatures (feeding and returning line) can be as-
signed to each network, as well as only one diameter.
The maximum value of mass flow rate is defined by
the pipe diameter dn and corresponding maximum
velocity vmax

dn (values from Lund and Mohammadi
(2016)), through (6).

Ṁdn = ρ · vmax
dn · π · dn

2

4
∀ dn ∈ DN (6)

A series of constraints all expressed in the form of
big-M constraints, restricts the flowing mass flow
rate in each connection to the choice of the net-
work type (7), diameter and operating temperatures.
All equations are expressed similarly to (7), where
ṁc

lc1,lc2,n,T
f/r
n ,dn,t

represents the flow rate used for

cooling purposes and ṁhp

lc1,lc2,n,T
f
n ,dn,t

the one used
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to enforce a fixed ∆T at the evaporators of the de-
centralized HPs, independently of the network ∆T .∑

T
f/r
n ∈Tf/r

n

ṁ
lc1,lc2,n,T

f/r
n ,dn,t

+ ṁc

lc1,lc2,n,T
f/r
n ,dn,t

+

(7)∑
T f
n∈Tf

n

ṁhp

lc1,lc2,n,T
f
n ,dn,t

≤ Ṁdn · yn

∀ (lc1, lc2) ∈ LCN,∀ dn ∈ DN,∀ t ∈ T

For each location, time step and network type, two
parallel mass balances are written: one depending
on the temperature couple T f/r (8) and the other
depending only on the network feeding temperature
T f to enforce the fixed ∆T at the HPs evaporators
(omitted here).∑
nu∈NCUT

f/r
n :

nu∈Ulc,
s∈Snu

fnu,t

∆Href
s,t

−
∑

nu∈NHUT
f/r
n :

nu∈Ulc,
s∈Snu

fnu,t

∆Href
s,t

+

(8)∑
(lcx,lc)∈LCN:

lcx 6=lc

ṁ
lcx,lc,n,T

f/r
n ,dn,t

− ṁc

lcx,lc,n,T
f/r
n ,dn,t

−

∑
(lcx,lc)∈LCN:

lcx 6=lc

ṁ
lc,lcx,n,T

f/r
n ,dn,t

− ṁc

lc,lcx,n,T
f/r
n ,dn,t

= 0

∀ n ∈ N,∀ lc ∈ LC,∀ t ∈ T,∀ T f/r
n ∈ Tf/r

n

Pressure losses

Pressure losses are introduced by estimating the
losses at the maximum allowed flow rate, through the
Darcy-Weisbach equation and linearly scaling them
according to the current flow rate in each time step.
A circulation pump is included among the utility to
cover such losses. A minimum mass flow rate of 10%
of the maximum value is considered, while losses are
neglected if the DHN is not operated (in the absence
of heating demand). Due to the low contribution of
the circulating pump to the overall system expenses,
this assumption is considered to be justified.

Thermal losses

Thermal losses are estimated for the DHN as a linear
function of the difference between the network mean
temperature and the ground (assumed constant at
T∞ = 15°C). For each feeding temperature a unit
u ∈ ULTf is defined, whose operating load is linked
to the estimated losses by (9).

fu,t =
∑

(lc1,lc2)∈LCN

dn∈DN
n∈N

T r
n∈T

r

Tf
n
:T f

n∈T
f
n

2 ·yON ·yn,dn ·ylc1,lc2,n ·yn,T f/r
n

(
T̄

f/r
n,t − T∞t

)
· qloss

dn ·Llc1,lc2 ∀ t ∈ T,∀ u ∈ ULTf

(9)

qloss
dn is the thermal loss parameter expressed for each

diameter as kW/K/m and estimated following the
procedure presented by Bøhm (2000).

Technologies

The units included in the problem are HPs, vapour-
compression chillers, heat exchangers, ambient air for
direct cooling, a circulating pump and heat and cold
sources at different temperatures to potentially sup-
ply the heating and anergy network. While for the
chillers a constant Carnot efficiency has been assumed
equal to 0.2, for the HPs an effort is made to rep-
resent the dependence of the compressor isentropic
efficiency on the operating temperatures. Being the
operation of the HP subject to the choice of the net-
works temperatures, for each unit a set of potential
couples of evaporator and condenser streams are de-
fined cc/e = (sc, se)hp ∈ Chp. Only one of those cou-
ple can be activated through the binary variable ycc/e
and is subjected to the purchase of the parent unit
yu=hp. Equation (10) links the multiplication factor
of each stream in each couple to the activation of the
parent couple, while additional constraints (omitted
here) bounds it to the load of the parent unit fhp,t
and restrict the multiplication factor of evaporator
and condenser belonging to the same couple to have
the same value.∑

ly∈HC:s∈Sly

fs,ly,t ≤ ycc/e ·M ∀ hp ∈ HP (10)

∀ t ∈ T,∀ s ∈ Shp : s = sc|se,∀ (sc, se)hp ∈ Chp

For each HP the reference resource flow of type elec-

tricity in input to the unit Ṁ
+,ref

hp,el,t and the heat load

of each thermal streams in the different couples cc/e

are linked by the COP, estimated following the pro-
cedure presented by Henchoz et al. (2015).

Objective function and resolution strategy

The objective is the minimization of the total annual-
ized cost CTOT = Cinv +Cop, sum of the annualized
capital (11) and operating (13) expenses.

Cinv =

[∑
u

cinv,1u · yu + cinv,2u · fu
] i(i + 1)nu

(i + 1)nu − 1
+

(11)∑
n

Cn ·
i(i + 1)nn

(i + 1)nn − 1

For the technologies and the network different life
times can be assumed (respectively nu and nn).
The network cost Cn is evaluated according to (12),
through a cost per meter of pipe cinv,2dn depending on
the network diameter.

Cn =
∑

(lc1,lc2)∈LCN

dn∈DN

yn,dn · yn,lc1,lc2 · Llc1,lc2 · c
inv,2
dn

(12)
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Figure 2: Clustering of the city’s demand into 10 neighborhood clusters and comparison of the network designs
and pipe size for varying heat source temperatures (sol. 1: 50°C, sol.2: 60°C, sol. 3 and 3*: 70°C, sol. 4:
80°C). Heating and anergy networks are shown respectively in red and blue (circles represent sources). Purple
edges represent the co-existence of both networks

Cop =
∑
t

[∑
u

copu · fu,t · ft · dt

]
+
∑
u

cmu · yu (13)

A fixed annual cost for maintenance cmu is considered
for each installed machine. The problem is solved by
defining a set of potential temperatures for the DHN
and applying an integer cut constraint on the selected
one. The computations are performed with the com-
mercial solver CPLEX® setting the maximum toler-
ated relative optimality gap (MIP gap) to 1%.

Case study

The method developed is applied to a small city of
about 30.000 inhabitants located in Western Switzer-
land. The total annual heat and cold demand are es-
timated to be respectively 61 and 13 GWh. Demand
for domestic hot water is neglected in this study. Two
sources of heat and cold are supposed available: one
source of heat in the North-East region of the city
and one source of ground water close to the existing
river (the two are deployed as a red and blue circle
on the city map shown in fig. 2). Four temperatures
for the heat source are investigated each with its as-
sociated cost, representing the cost of heat extracted
from the source itself for heating purposes. Costs
increase linearly with increasing temperature. The
heat source is meant to represent a municipal solid
waste incineration plant and the different costs are
meant to reproduce the different exergy content of

the source (e.g. recovering heat at lower temperature
would allow higher electricity generation in the cen-
tral plant). For the source of low temperature heat
and cold the cost represents both the heat extracted
from (for heating purposes in combination with de-
centralized HPs) and injected into (for direct cooling)
the ground water source. Cooling and heating de-
mands of all buildings inside a cluster is aggregated
by temperature levels and represented as a single con-
sumer for the networks. On one hand, the cooling de-
mand is supplied either by connecting to the potential
AN, by installing a vapor compression chiller or by di-
rect cooling with ambient air when the temperature
allows it. On the other hand, the heating demand is
supplied by connecting to a potential heating and/or
anergy network eventually in combination with addi-
tional decentralized HPs. The latter ones are needed
if the temperature of the network is not high enough
to satisfy the temperature requirement of the demand
(always the case for the AN and potentially for the
DHN depending on the source used).

Results

Table 2 shows that the cheapest solution is achieved
with the heat source at 60°C, while the most ex-
pensive corresponds to a DHN at the highest tem-
perature (80°C). However, given the cost figures as-
sumed in this study, the difference in total annual-
ized cost among the solutions is of the order of 1%,
showing that no matter the temperature of the heat
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source available, similar total annualized cost can be
achieved by optimizing the system design. Moreover,
in the case of the heat source at 70°C two different
system designs are possible with a very marginal cost
difference (depicted as solutions 3 and 3* in table 2
and fig. 2). As a general trend, the best option is to
build the network from its heat source onwards. How-
ever, if in the case of the lowest temperature the best
option appears to evenly deploy the two networks, at
highest temperatures the priority is given to the AN,
probably due to the higher cost of the heat source.
In between, for the solution with the heat source at
70°C, two different system designs appear to have the
same cost: solution 3* very similar to solution 1 and
2 and solution 3 characterized by an overlapping of
the two networks.

In all the solutions, the AN emerges as a viable solu-
tion to supply, with the same set of pipes, both cool-
ing, via direct cooling, and heating, via HPs. There-
fore, it is able to provide more services with the same
investment costs. On the other hand, this config-
uration allows to exploit the simultaneous demand
for heating and cooling by using the heat rejected
from consumers of cooling as a source of low temper-
ature heat for the HPs, used to meet the demands of
consumers of heating. This so called “anergy effect”
reduces the network’s consumption of heat and cold
from its source (i.e. the ground water) thereby reduc-
ing its operational costs and giving it an additional
economic advantage over the DHN. Table 2 provides
a ranking of the solutions and shows the breakdown
of their costs and energy consumption. The total an-
nualized costs are broken down into the investment
costs of the networks (i.e. pipes and their installa-
tion) and appliances (decentralized HPs and off-grid
chillers) and the operational costs (of the consump-
tion of heat and cold from the two sources and of elec-
tricity). Annual energy consumption is broken down
into the heat and cold extracted from ground water,
the heat extracted from the source of waste heat and
the electricity consumption by HPs and chillers. Heat
evacuated into the atmosphere for either direct cool-
ing and cooling via chillers is not represented here.
Finally, the last column represents the amount of en-

Figure 3: Resources breakdown to supply heat (red)
and cold (blue) as shares of respectively the total heat-
ing (61 kWh) and cooling (13 GWh) demand

ergy of the low temperature source spared via the
anergy effect. Figure 3 shows the breakdown of the
resources used to supply heating and cooling. One
can observe that, even though there is no obligation
to connect to the AN, the latter meets more than
half the total demand for heating aside from the case
of solution 3. This particular configuration optimally
combines the provision of high temperature heat (e.g.
for consumers equipped with radiators) and low tem-
perature heat (e.g. for consumers equipped with floor
heating) in two neighborhood clusters. Finally, while
solutions 1 and 2 (and solution 3* not shown here)
show very similar results, one notices an increase in
the anergy effect in solutions 3 and 4 with the in-
creased temperature of the waste heat.

Conclusion

The work presented in this paper aims at investigat-
ing preliminary designs for urban energy systems. At
first the heating and cooling demand of all buildings is
estimated, based on available data for big consumers
and a model for small ones, using for its calibration
building characteristics such as year of construction,
building use and shading from surrounding buildings.
Afterwards buildings are clustered considering the
presence of natural and/or artificial barriers and the
demand of all the users in the cluster is aggregated

Table 2: Resultsa for different DHN temperatures and sources
Sol HN T Tot. cost HN+AN cost CAPEX OPEX WH GW HP EL CH EL Anergy
# [°C] [%] [%] [%] [%] [GWh] [GWh] [GWh] [GWh] [GWh]

1 50 +0.1 20.2 16.1 60.6 27.4 21.4 9.2 1.1 5.7
2 60 - 20.2 16.9 59.5 28.7 21.3 10.4 1.1 5.7
3* 70 +0.9 20.0 15.3 61.3 29.6 21.4 8.2 1.1 5.7
3 70 +0.7 20.4 16.2 60.4 41.8 9.0 6.1 1.2 9.6
4 80 +1.1 17.8 18.6 63.6 13.5 30.4 11.6 1.2 12.2
a HN T: heating network temperature; Tot. cost: percentage increase to the cheapest solution (sol n. 2); HN+AN

cost: percentage of total cost due to network installation; CAPEX: percentage of total cost due to machines
installation; OPEX: percentage of total cost for operating expenses; WH/GW: annual energy consumption from
waste heat/ground water; HP/CH EL: annual electricity consumption for decentralized HP/Chillers; Anergy:
total annual ground water energy consumption saved thanks to the anergy effect.
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by temperature levels. For the future energy system
two sources of heat and cold are defined: ground wa-
ter, potentially used for direct cooling or heating in
combination with decentralized HPs, and a source of
waste heat, available at different temperature levels
and costs. The optimization aims at finding the best
system design for each of the temperature levels. In
particular the decision includes the heating and an-
ergy network layout and investment in decentralized
machines (chillers and/or HPs), the HPs being con-
nected to either the AN or the DHN. Results show
that, even though similar annualized costs can be ob-
tained for all temperatures levels, each of them is as-
sociated to different investment decisions. In partic-
ular the trend deploys each network starting from its
source, until the cost of the heat source makes it more
economical to exploit the AN rather than the waste
heat itself. The AN appears as a viable option due
to its potential of supplying with the same network
both direct cooling and heating in combination with
decentralized HPs. In addition the simultaneous de-
mand for heating and cooling on the AN enables it
to use the heat injected from its consumers of cooling
as a source of heat for the HPs meant to supply heat.
Further analyses, such as results sensitivity on the lo-
cation of the sources, on the clustering of buildings
and on costing functions are left for future research.
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