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A B S T R A C T

State-of-the-art thermal networks are key to address decarbonization of the heating and cooling in buildings.
Energy Hub considers synergy between elements and allows rapid comparison between district energy systems
incorporating 4th generation (4G) and 5th generation (5G) thermal networks at early-stage designs. To better
understand and quantify the differences between systems based on 4G and 5G, a mixed-integer linear model
distinguishing specific features of both technologies is implemented. We find systems relying on 5G to perform
environmentally and financially better than with 4G generation over a wide set of scenarios. This is due to the
warm/cold coupling characterizing 5G technologies. Systems based on 5G can also reduce its carbon emissions
more than those with 4G. However, performances with both technologies appear sensitive to the topology and
location of central energy station.
1. Introduction

The development of distributed multi-energy systems (MES) has
been identified as a key driver in energy transition [1,2]. Most recent
developments of district thermal network (DTN) technologies place
thermal networks at the heart of the MES concept, by increasing the in-
egrability of renewable energy sources and exploiting low temperature
aste-heat.

Currently, two technologies of district thermal networks are consid-
red state-of-the-art [3]: 4th generation (4G) district heating [4] and
th generation (5G) district heating and cooling [5].

4G networks are centralized systems in line with the three previous
generations [6]. Their low operating temperature (50-70 ◦ C) allows
thermal sources such as industrial waste heat, renewable energy and
centralized heat-pumps to compete with fossil fuels. They are com-
monly designed to supply heat, while a cooling service may be planned
independently [7] or in parallel [8].

5G networks consist of a warm and a cold pipe with temperatures
lose to ground temperature (5-30 ◦ C) [3,5,6,9,10]. In heating mode,
eat-pumps (HP) extract heat from the network, and the cooled water
s returned to the cold pipe. Water temperature in the building is
aised using the extracted heat [9]. The inverse principle is used to
eliver cooling, injecting heated water back to the warm pipe. This
trong coupling between warm and cold sides induced by the usage of
ecentralized HP is the essence of 5G networks. This supports electrifi-
ation, allows the integration of decentralized renewable energy (RnE)
nd ultra-low temperature waste-heat [3]. Each customer becomes a
rosumer [6].

∗ Corresponding author.
E-mail address: ledee.francois@gmail.com (F. Lédée).

As more technologies can be used to generate thermal energy,
the complexity of designing and operating district thermal systems
increases [11]. Advanced modeling, e.g. following the ‘‘Energy Hub’’
(EHub) concept [11], were found relevant from early design stages to
identify potential synergies between diverse technologies and sources
to be exploited [1,11,12]. The EHub concept gathers production, stor-
age, conversion and consumption of different energy carriers within
one model, in a unified and interacting fashion [13]. Such model
is commonly described through Mixed Integer Linear Programming
(MILP) [1] to determine financially or environmentally optimal inte-
gration of technologies into a MES [14,15].

Some studies compare 4G and 5G networks, as detailed in the
literature section. Those not using the EHub concept omit the syn-
ergies between technologies and sources [16–21]. Two of them use
the EHub concept [8,22], but fundamental aspects of the 5G network
are missing [9] and place the technology at a critical disadvantage.
Moreover, current literature is lacking a deeper investigation of the
influence of model characteristics on the results. The present study
addresses the following questions: (1) What expected differences in
design, environmental and financial performances of integrated energy
systems result from the consideration of 4G or 5G DTN technology at
early design stages? (2) How do key modeling parameters influence the
design and performances?

Related literature is presented in Section 2. Section 3 describes the
full model. Section 4 covers data, control assumptions, tested network
layouts and scenario parameters. Section 5 discusses the study limits.
A detailed comparison of base scenarios is presented in Section 6.1.
vailable online 9 October 2024
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Nomenclature

Acronyms

4G/5G 4th/5th generation
AChill Absorption Chiller
ASHP Air Source Heat Pump
CHP Combined Heat and Power
COP Coefficient of Performance
DTN District thermal network
EB Electric Boiler
EChill Electric Chiller
EHub Energy Hub
GB Gas Boiler
HP Heat Pump
HWT Hot Water Tank
HX Heat Exchanger
MES Multi-energy system
MILP Mixed Integer Linear Programming
PSO Particle Swarm Optimization
PTES Pit Thermal Energy Storage
PV Photovoltaic
RnE Renewable Energy
ST Solar Thermal
WH Waste Heat
WiP Water in Pipes
Constants

𝛼𝑅 Surface per capacity unit
𝛽 Storage limit factor
𝛥𝑝𝑥 Max pressure gradient
𝛥𝑇 Temperature difference
𝛥𝑇 𝑓 𝑙 𝑒𝑥 Max. 𝑇 variation of network water
𝜖 width of pipe’s house
𝜂 efficiency
𝜂𝑙 𝑖𝑛 Linearized pumping efficiency
𝜅 Static storing efficiency
𝜆 thermal conductivity
𝜌 Water density
𝐴𝑚𝑎𝑥 Max Roof area
𝐶 Price
𝑐𝑝 Water thermal capacity
𝐷 Diameter of pipes
𝑓𝐷 Darcy–Weisbach friction factor
𝐺 Carbon intensity
𝐻 conversion efficiency matrix
𝐼𝑠𝑢𝑛 Sun irradiation
𝐿 Length of link
𝑀 BigMparameter
𝑁 𝑃 𝑉 Net Present Value
𝑇𝑠 Temperature of soil
𝑇𝑤 Temperature of water
𝑋𝐶 𝑂2

Carbon emission limit

Ensembles

𝜎 ∈  Set of streams
𝜏 ∈  Set of technologies or links
𝛯𝑁 𝑒𝑡 Set of techs if connected
𝛯𝑁 𝑜𝑑 𝑒 Set of techs if standalone
𝑓 ∈  Set of fuels
2

𝑙 ∈  Set of links
𝑛 ∈  Set of nodes
𝑡 ∈ T Set of time steps
Subscripts/Superscripts

𝑐 ℎ charging
𝑐 𝑣 a converter
𝑑 𝑐 ℎ discharging
𝑓 𝑖𝑥 Relative to fixed part
𝐻 / 𝐶 hot/cold
𝑖𝑛 entering
𝑙 𝑖𝑛 Relative to linear part
𝑙 𝑜𝑎𝑑 power demand/load
𝑜𝑢𝑡 exiting
𝑟𝑒𝑓 main/of reference
𝑠 a storage
Variables

𝛿 𝑝 Pseudo-pressure level
𝛿 binary for installation status
𝑄̇ Thermal power
𝑄̇ Power between node and network
𝑄̇ Power between node and source
𝑞̇𝑒𝑙 circulation losses
𝑞̇𝑡ℎ thermal losses
𝐽 𝑎
𝐶 𝐴𝑃 𝐸 𝑋 Annualized investment cost

𝐽 𝑎
𝑡𝑜𝑡 Total annualized cost

𝐽𝐶 𝑂2
Cost of carbon taxes

𝐽𝑓 𝑢𝑒𝑙 Operating cost
𝐽𝑂&𝑀 Cost for maintenance
𝑃𝑛𝑜𝑚 Capacity of device
𝑆 𝑂 𝐶 State of Charge

Sensitivity to the financial and environmental strategy, use of local
renewable electricity, and geographical aspect of the model are pre-
sented in Sections 6.2–6.4 respectively. Finally, implications and future
perspectives are discussed in Section 7.

2. Literature & scope

2.1. Modeling 4G DTN with EHub

Numerous EHub based methodologies have been suggested in the
iterature to find optimal topologies and technological synergies for 4G
etworks.

Some methodologies exclusively focus on the topology, with little
egards for the technologies to supply energy or the operation. The
election of clients to connect via the DTN is of prime interest and

was explored using peak demand [23], including the location and
thermal power for central plants [24] and in coupling with the topology
of natural gas and power network [25]. The latter concludes on the
mportance to include network losses in the modeling.

Some methodologies exclusively focus on the central station of 4G
etworks. The selection, sizing and operation of sets of technologies to

ensure the supply is addressed, while geographical spread and selection
of customers is excluded. The synergies between dispatchable thermal
generation units are evaluated by Kuriyan et al. [26], including neither
RnE nor storage. Storing capabilities of the network by variation of
the network temperature are assessed in [27], while the benefit of
boreholes [28], hydrogen storage [29,30] and a mix long and short-
erm storage technologies [31] were also studied. The sector coupling

is also investigated to evaluate the potential of DTN integration with

https://en.wikipedia.org/wiki/Big_M_method
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local and utility power grids [2], the need for upgrades in electric and
eating networks [32] and the benefits of coupling heating and cooling
eneration in the central station of a 4GDTN [33].

Methods to compare centralized vs. decentralized while investigat-
ng synergies between technologies are also suggested. Unternährer
t al. [34] select and size dispatchable units of a central station with
n EHub model, after a separate optimization of the network topology.
orvaj et al. [35] address both topology and size optimization within

ne EHub formulation, including storage, RnE and hourly operation
f the whole system. The operational aspect was validated against
imulations in [36] and used in [37] to address multi-scale planning.
as network, thermal network and transportation planning are coupled
ithin an EHub by Pantaleo et al. [38,39] to study the integration of

biomass in a city.

2.2. Modeling 5G networks

Linear optimization and the EHub concept have been little used for
esign and operation of 5G systems. Prasanna et al. [40] validate MILP
nd EHub concepts against data of a real system including borehole.
he model is further used to study the potential of additional decen-
ralized storage systems on the self-sufficiency of the whole system.

irtz et al. [9] suggest a MILP formulation to size and operate all
centralized and decentralized supply and storage around an already-
designed 5G network for a university campus. The pre-sizing of the
network prevents investigating centralized-decentralized trade-offs, the
effect of long-term storage and carbon transition.

Linear Programming has been used for modeling 5G networks to
tudy optimal operation strategies as well [40–43]. Although MILP

was proven sufficiently accurate for early-stage studies, it is widely
considered that fundamentally non-linear characteristics of thermody-
namics and fluid mechanics [44] make linear solutions non suitable.

hus, a vast majority of studies rely on simulation models such as
RNSYS [44,45] or Modelica [46,47]. However, these only assume

a predefined layout and supply set [10,48–52], compare predefined
onfigurations [53,54], conceive ad-hoc iterative processes [21,55,56]
r integrate the simulation into evolutionary algorithms (e.g. PSO [16,

57]). In their review, Brown et al. [44] acknowledge the need for a
nified framework encompassing all aspects of the 5G network. Taylor

et al. [54] also conclude simulation-based approaches do limit the
exploration of trade-offs, synergies between technologies and usage of
torage, which justifies the usage of MILP and EHub for early-stage

designs of 5G networks.

2.3. Comparison of DTN technologies

A recurring question to address at very early-stage design is the
choice of network technology. Transiting from centralized generations
1 to 4, the main concern is the reduction of supply temperature [58],
allowing to integrate new energy sources [59–61]. Interacting with a
decentralized 5GDTN is fundamentally different [6], and requires two
losely related loops (warm and cold). Low temperature sources (waste
eat, ground, etc.) and specific dispatchable units regulate the network
central station, borehole, long-term storage, etc.). Therefore, models
ncompassing specificities of each DTN technologies are needed for
omparisons.

Gudmundsson et al. [19] use simulation for an economic compar-
ison of 4G and 5G. They conclude the cheaper operation of 5G does
not compensate for the high investment costs. Their method is only
applied to heating service for residential districts and does not consider
energy generation. Gross et al. [18] use simulation in a district with
iversified loads to show the impact of active prosumers on a 5GDTN.

They validate their flow model against data. Their method focuses on
energy savings and no diversity of energy generation is considered.
Jebamalai et al. [20] evaluate financial gains of specific topologies of
centralized networks over a 5G network. They find 5G is only preferable
3

if industrial waste heat is available for free. Their method does not con-
sider any choice or design of the supply, and long-term storage is only
onsidered for the centralized networks. Barely any cooling is included
n their case study. Calise et al. [17] compare the DTN technologies

with TRNSYS models for a residential district. Heating and cooling
do not occur simultaneously, which allows the same infrastructure to
supply heat in winter and cold in summer with the 4G network. Both
networks only rely on an already designed central ground source heat
ump, partially fed with 3MWp of solar panels. They conclude on the
conomic and environmental superiority of mature 4G technology for

purely residential districts with little load sharing potential.
Brumana et al. [16] use PSO to design the most cost-effective PV-

Battery-Chiller system to support both DTN technologies. They find
centralized networks financially advantageous and requiring less gen-
eration capacity. Their methodology neglects the heat-cold coupling of
the 5GDTN and is only applied to residential buildings. Millar et al. [22]
compare financial performances of the two DTN technologies with an
Hub. For 4G and 5G, a single pipe at constant temperature connects
uildings of different nature. Storage, HP (5G) and exchangers (4G) are

sized. They find that with storage, 5G is cheaper than 4G. However,
their 5G model neglects the fundamental heat-cold coupling, and only
financial performances are assessed. Nérot et al. [8] compare multiple
DTN technologies for different objectives and climates with an EHub.
The DTN and generators are designed and operated to supply heating
nd cooling. They find 4G is the best trade-off between financial,

environmental and exergy efficiency. 5G performs consistently worse
than 4G and is only comparable to buildings operated individually.
Their methodology uses a single ambient loop for 5G, with little dif-
ference with other generations in the way the network operates. This
also neglects the heat-cold coupling. The method is used on a fully
residential district, where seasonal storage and RnE is only available
for 4G. Zhang et al. [21] combine optimization and simulation for
an economic comparison of 4G and 5G. Their method sizes small
hermal storages and is used for a mixed set of buildings under multiple

electricity price, weather and retrofit scenarios. They find that 5G is not
conomically viable compared to 4G, unless the cooling share is above
7% or unless the price of electricity drops drastically. Their method
oes not include selection and sizing of energy generation, does not
onsider local PV and the analysis does not include carbon emissions.

2.4. Contributions

In this paper, an EHub model is used to compare the economic
and environmental performances of MES relying on 4G and 5G DTN
in various contexts. The model includes the selection of customers to
connect to the network, i.e. the trade-off between connected and stand-
alone thermal supply. The comparison is conducted for 3 climate zones
in the USA and across a variety of financial and technical scenarios.
The main contributions of this paper are:

• comparing overall expected performances of a MES relying on
4G and 5G technologies including all the features mentioned in
Table 1.

• investigating the sensitivity of the comparison to strategic model
parameters.

3. Methodology

The energy system model is split into nodes (hosting the energy
oads, imports, exports and transformations) and a network layout
handling energy transfer between nodes and transmission losses). All
odel variables, including capacities, operation and energy purchase,

re determined collectively via optimization (cost and emissions min-
mizations) using Gurobi [62]. This section presents the optimization

objectives, then the linear formulations for the network and node
models.
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Table 1
Studies comparing 4G and 5G DTN technologies via modeling.

Brum
ana et al. 2022 [16]

Calise et al. 2023 [17]

Gross et al. 2021 [18]

Gudm
undsson et al. 2022 [19]

Jebam
alai et al. 2022 [20]

M
illar et al. 2021 [22]

N
érot et al. 2023 [8]

Zhang et al. 2022 [21]

Current study

Heat & Cold ✓ ✓ ✓ ✓ ✓ ✓ ✓

H&C coupling ✓ ✓ ✓

min $ & CO2 ✓ ✓

Long storage ✓* ✓ ✓* ✓

Network 𝛴 𝛴 𝛴 𝛴 𝛴 H 𝛴 H
Load diversity ✓ ✓ ✓ ✓ ✓

Supply design E H S H
With RnE ✓ ✓ ✓ ✓ ✓

(*) Not available for 5G.
𝛴) Simulation; (H) Energy Hub MILP.

(E) Evolutionary algorithm; (S) Scenario.

3.1. Objective function of the optimization

The cost 𝐽 𝑎
𝑡𝑜𝑡 in Eq. (1) combines OPEX (operational expenditure)

and annualized CAPEX (capital expenditure). The CAPEX considers the
purchase and installation of the whole system considering prices 𝐶
nd installed capacities 𝑃 𝑛𝑜𝑚, and is annualized (Eq. (2)). The OPEX
ncludes energy bills 𝐽𝑓 𝑢𝑒𝑙, carbon taxes 𝐽𝐶 𝑂2

and maintenance costs
𝑂&𝑀 and is not annualized. Bills in Eq. (3) and emissions in Eq. (4)
onsider net purchases of fuel and power 𝑄̇, prices, and carbon inten-

sities 𝐺 for the latter.

𝐽 𝑎
𝑡𝑜𝑡 = 𝐽 𝑎

𝐶 𝐴𝑃 𝐸 𝑋 + 𝐽𝑓 𝑢𝑒𝑙 + 𝐽𝐶 𝑂2
+ 𝐽𝑂&𝑀 (1)

𝐽 𝑎
𝐶 𝐴𝑃 𝐸 𝑋 =

∑

𝜏∈
𝑁 𝑃 𝑉𝜏 (𝐶𝑓 𝑖𝑥

𝜏 + 𝑃 𝑛𝑜𝑚
𝜏 𝐶 𝑙 𝑖𝑛

𝜏 ) (2)

𝐽𝑓 𝑢𝑒𝑙 =
∑

𝑓∈
𝐶𝑓 𝑢𝑒𝑙
𝑓

∑

𝑛∈
(𝑄̇ ,𝑖𝑛

𝑛,𝜎𝑓
− 𝑄̇ ,𝑜𝑢𝑡

𝑛,𝜎𝑓
) (3)

𝐽𝐶 𝑂2
= 𝐶𝐶 𝑂2

∑

𝑓∈
𝐺𝑓

∑

𝑛∈
(𝑄̇ ,𝑖𝑛

𝑛,𝜎𝑓
− 𝑄̇ ,𝑜𝑢𝑡

𝑛,𝜎𝑓
) (4)

A carbon-cost optimal front is computed using the epsilon-constraint
ethod [63] to simulate a forced decarbonization.

∑

𝑓∈
𝐺𝑓

∑

𝑛∈
(𝑄̇ ,𝑖𝑛

𝑛,𝜎𝑓
− 𝑄̇ ,𝑜𝑢𝑡

𝑛,𝜎𝑓
) ≤ 𝑋𝐶 𝑂2

(5)

3.2. Network model

The model is tailored for very early design explorations. For the
odel to remain linear and tractable [42], a purely energy-based

pproach is considered, inspired by [35]. The model assumes a pre-
defined and homogeneous temperature difference 𝛥𝑇 , and assumes
water massflow 𝑚̇ to be only influenced by pressure control [9]. The
emperature difference is the difference between warm and cold pipes
n the 5G network and the difference between supply and return in the
G models. This results in a direct link between transferred thermal
ower 𝑄̇ and mass flow control (Eq. (6)), allowing to only consider

the transferred power as model variable. The modeling of thermal and
irculation losses is revised consequently.
̇ = 𝑚̇ 𝑐𝑝 𝛥𝑇 (6)
4

3.2.1. Interface between nodes and network
The network can transfer energy between nodes. A node may take

𝑄̇ ,𝑖𝑛) or feed energy (𝑄̇ ,𝑜𝑢𝑡) directly to the grid. This energy may
each (𝑄̇,𝑖𝑛) or leave (𝑄̇,𝑜𝑢𝑡) the node proximity by any connected
ink 𝑙 ∈ . Each link may transfer energy in one (4G) or both (5G)

directions. Thermal losses 𝑞̇𝑡ℎ are unrelated to the energy flow in links,
while the circulation loss 𝑞̇𝑒𝑙 is positive regardless of the direction of
the flow in the pipe. Thus, the interface between each node 𝑛 and the
etwork for stream 𝜎 at all time 𝑡 is represented via Eq. (7) and Fig. 1a.

𝑄̇ ,𝑜𝑢𝑡
𝑛,𝜎 ,𝑡 +

∑

𝑙∈(𝑛)
𝑄̇,𝑜𝑢𝑡

𝑙 ,𝜎 ,𝑡 = 𝑄̇ ,𝑖𝑛
𝑛,𝜎 ,𝑡 +

∑

𝑙∈(𝑛)
𝑄̇,𝑖𝑛

𝑙 ,𝜎 ,𝑡 +
∑

𝑙∈(𝑛)
𝑞̇𝑡ℎ𝑙 ,𝜎 ,𝑡 (7)

3.2.2. Thermal losses in links
5%–15% of the transferred energy is dissipated in the ground due to

the temperature difference with the network water [64]. These losses
ollow Eq. (8) when the pipe 𝑙 is installed (binary variable 𝛿𝑙 = 1), even
f no energy is transferred (unlike most related literature). Polyethylene
ipes are uninsulated for 5GDTN (𝜆 = 0.4 W/m.K) [9,65] and insulated

for the 4GDTN (𝜆 = 0.04 W/m.K) [66]. The term 𝑞̇𝑓 𝑙 𝑒𝑥𝑙 ,𝑡 refers to an
additional thermal loss related to the thermal inertia of a 5G network
(see Eq. (21)).

𝑞̇𝑡ℎ𝑙 ,𝜎 ,𝑡 = 𝐿𝑙 𝛿𝑙
2𝜋 𝜆

𝑙 𝑛(1 + 2𝜖
𝐷 )

(𝑇𝑤 − 𝑇𝑠) + 𝑞̇𝑓 𝑙 𝑒𝑥𝑙 ,𝜎 ,𝑡 (8)

3.2.3. Circulation losses in links
The formulation for the circulation losses in Eq. (9) is adapted to

the current energy transfer model and linearized. Since most related
studies neglect pumping requirements, no equivalent formulation was
found.

𝑞̇𝑒𝑙𝑙 ,𝜎 ,𝑡 = 𝑄̇𝑙 ,𝜎 ,𝑡 ×
(

8𝑓𝐷
(𝜌𝜋)2

𝐿𝑙

𝐷5
𝑙

1
𝑐𝑝 𝛥𝑇 𝜂𝑙 𝑖𝑛

)

(9)

3.2.4. Flows in water pipes
If the network contains cycles,1 unrealistic loops of energy circula-

tion can bias the model or be exploited to waste energy (e.g. excess
of solar renewable) [32]. Thus, an additional variable 𝛿 𝑝𝑛,𝜎 is added
for each node 𝑛 and transferred stream 𝜎, resulting in Eq. (10) [35,
67]. It can be assimilated to a pressure level, forcing the flow to be
nidirectional in pipes at any time 𝑡 and to never close a circuit.

𝑄̇
𝑙 ,𝜎 ,𝑡 =

𝑃 𝑛𝑜𝑚
𝑙

𝛥𝑝𝑥 𝐿𝑙
(𝛿 𝑝𝑛𝑖𝑛 ,𝜎 ,𝑡 − 𝛿 𝑝𝑛𝑜𝑢𝑡 ,𝜎 ,𝑡) (10)

3.3. Nodes

Nodes are where energy is purchased, consumed, produced, trans-
formed and fed in, following the energy hub concept [11,14].

3.3.1. Stream balance
The node is divided into energy streams, each one must be balanced

between generation, consumption, storage interactions, imports and
exports.

𝑄̇𝑙 𝑜𝑎𝑑
𝑛,𝜎 ,𝑡 =

∑

𝜏𝑐 𝑣∈𝑐 𝑣
(𝐻𝜏𝑐 𝑣 ,𝜎 𝑄̇ ,𝑖𝑛

𝑛,𝜏𝑐 𝑣 ,𝑡) + 𝑄̇ ,𝑖𝑛
𝑛,𝜎 ,𝑡 − 𝑄̇ ,𝑜𝑢𝑡

𝑛,𝜎 ,𝑡 +
∑

𝜏𝑠 𝑜𝑛 𝜎
(𝜂𝑑 𝑐 ℎ𝜏𝑠

𝑄̇𝑑 𝑐 ℎ
𝑛,𝜎 ,𝜏𝑠 ,𝑡 − 𝜂𝑐 ℎ𝜏𝑠 𝑄̇𝑐 ℎ

𝑛,𝜎 ,𝜏𝑠 ,𝑡)

(11)

1 https://en.wikipedia.org/wiki/Cycle_(graph_theory)

https://en.wikipedia.org/wiki/Cycle_(graph_theory)
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Fig. 1. Visual principles of the models.
3.3.2. Converters
A converter 𝜏𝑐 𝑣 transforms power from one or multiple streams into

one or multiple others. All converters are considered linear. This is
common for most technologies (e.g. Boilers, HP, PV, ST) [9,63,68–71].
CHP and Absorption Chillers (AChill) [68,70] are also assumed linear,
as a minimum partial load does not influence the system design and
partial load efficiency makes the model intractable [71].

A matrix-based formulation describes the operation (Eq. (12)). The
unitless coefficient 𝐻(𝜏𝑐 𝑣 ,𝜎) binds each converter 𝜏𝑐 𝑣 to each stream 𝜎.
For HP, solar thermal (ST) collectors and photovoltaic (PV) panels, this
coefficient is precomputed for every time step 𝑡, it is constant for other
converters (c.f. Appendix A). It is negative for inputs and positive for
outputs. A reference input stream 𝜎𝑟𝑒𝑓 is used to determine other input
and output powers of each converter 𝜏𝑐 𝑣 (Eq. (11)). Roof technolo-
gies (PV and ST) cannot be curtailed and must convert all received
irradiation; a transformed factor 𝜉𝑟𝑜𝑜𝑓𝑛,𝜏𝑐 𝑣 ,𝑡 (in kW/kWp) is precomputed
to account for direct and diffuse irradiation, air temperature, tilt and
orientation [72].
⎧

⎪

⎪

⎨

⎪

⎪

⎩

0 ≤ 𝐻(𝜏𝑐 𝑣 ,𝜎𝑟𝑒𝑓 ) 𝑄̇
 ,𝑖𝑛
𝑛,𝜏𝑐 𝑣 ,𝑡 ≤ 𝑃 𝑛𝑜𝑚

𝑛,𝜏𝑐 𝑣 ,
if 𝜏𝑐 𝑣 is dispatchable

𝐻(𝜏𝑐 𝑣 ,𝜎𝑟𝑒𝑓 ) 𝑄̇
 ,𝑖𝑛
𝑛,𝜏𝑐 𝑣 ,𝑡 = 𝜉𝑠𝑢𝑛𝑛,𝜏𝑐 𝑣 ,𝑡 𝑃 𝑛𝑜𝑚

𝑛,𝜏𝑐 𝑣 ,
if 𝜏𝑐 𝑣 ∈ {𝑃 𝑉 , 𝑆 𝑇 }

(12)

Every node has a limited rooftop area 𝐴𝑚𝑎𝑥 to be shared between
PV and ST. This further constrains the capacity of solar techs to be
installed, with an assumption of 𝛼𝑅𝑆 𝑇 = 2𝑚2∕𝑘𝑊 𝑝𝑡ℎ for ST and 𝛼𝑅𝑃 𝑉 =
8𝑚2∕𝑘𝑊 𝑝𝑒𝑙 for PV.

∑

𝜏𝑐 𝑣∈{𝑆 𝑇 ,𝑃 𝑉 }
𝛼𝑅𝜏𝑐 𝑣 𝑃 𝑛𝑜𝑚

𝑛,𝜏𝑐 𝑣 ≤ 𝐴𝑚𝑎𝑥
𝑛 (13)

A pair HP-electric chiller is used to interact with a 5G network. We
call electric chiller (EChill) a HP designed for cooling purposes. Both
converters operate independently and interact with both the warm and
cold network pipes (Fig. 1c). A third converter helps feeding energy
back to the network by cancelling out one unit of active heat with one
of active cold within the node (i.e. the demand remains unchanged).
This ensures the coupling between warm and cold sides of the 5G
network [9,18,73,74] and the connection between heat and cold within
a node [9] (c.f. Appendix B).

3.3.3. Storage technologies
The storages link time steps and displace productions to better

match the demand. Four storage technologies are considered: HWT,
Solar Tank, Water in pipes (WiP) and Pit thermal energy storage
(PTES).
5

The model describes a yearly cycle, thus the State Of Charge (SOC)
at the start and end must be identical for every storage (Eq. (14)).

𝑆 𝑂 𝐶𝑛,𝜎 ,𝜏𝑠 , 𝑡𝑚𝑎𝑥+1 = 𝑆 𝑂 𝐶𝑛,𝜎 ,𝜏𝑠 , 𝑡=0 (14)

For the sake of simplicity, the maximum charging and discharging
power of every storage is set proportional to its capacity (Eq. (15)–
(16)).

0 ≤ 𝑄̇𝑐 ℎ
𝑛,𝜎 ,𝜏𝑠 ,𝑡 ≤ 𝛽𝑐 ℎ𝜏𝑠 × 𝑃 𝑛𝑜𝑚

𝑛,𝜏𝑠
(15)

0 ≤ 𝑄̇𝑑 𝑐 ℎ
𝑛,𝜎 ,𝜏𝑠 ,𝑡 ≤ 𝛽𝑑 𝑐 ℎ𝜏𝑠

× 𝑃 𝑛𝑜𝑚
𝑛,𝜏𝑠

(16)

The capacity of every storage binds the state of charge. For HWT,
Solar Tank and PTES, these bounds are depicted by Eq. (17). For the
WiP, Eq. (20) is used.

0 ≤ 𝑆 𝑂 𝐶𝑛,𝜎 ,𝜏𝑠 ,𝑡 ≤ 𝑃 𝑛𝑜𝑚
𝑛,𝜏𝑠

(17)

The time coupling equations are expressed as follows (Eq. (18)) for
all but the PTES, and via Eq. (22) for PTES. Decay 𝜅, charging 𝜂𝑐 ℎ and
discharging 𝜂𝑑 𝑐 ℎ efficiencies are considered.

𝑆 𝑂 𝐶𝑛,𝜎 ,𝜏𝑠 ,𝑡+1 = (1 − 𝜅𝜏𝑠 )𝑆 𝑂 𝐶𝑛,𝜎 ,𝜏𝑠 ,𝑡 + 𝜂𝑐 ℎ𝜏𝑠 𝑄̇
𝑐 ℎ
𝑛,𝜎 ,𝜏𝑠 ,𝑡

− 1
𝜂𝑑 𝑐 ℎ𝜏𝑠

𝑄̇𝑑 𝑐 ℎ
𝑛,𝜎 ,𝜏𝑠 ,𝑡∀𝜏𝑠 ∈ {𝐻 𝑊 𝑇 , 𝑆 𝑇 , 𝑊 𝑖𝑃 } (18)

The water in 5G networks has thermal inertia [48,51,74]. This
inertia is modeled via another storage whose capacity is defined by the
volume of water in pipes (Eq. (19)). Its SOC represents the difference
between the expected fixed temperature and the actual temperature
in the pipes (Eq. (20)). The resulting additional thermal losses are
assessed in Eq. (21) and added to the total thermal losses in Eq. (8).

𝑃 𝑛𝑜𝑚
𝑊 𝑖𝑃 = 𝜌𝑐𝑝𝛥𝑇

𝑓 𝑙 𝑒𝑥 ∑
𝑙∈

𝛿𝑙𝐿𝑙
𝜋 𝐷2

𝑙
4

(19)

− 𝑃 𝑛𝑜𝑚
𝑊 𝑖𝑃 ≤ 𝑆 𝑂 𝐶𝑊 𝑖𝑃 ,𝑡 ≤ +𝑃 𝑛𝑜𝑚

𝑊 𝑖𝑃 (20)

𝑞̇𝑓 𝑙 𝑒𝑥𝜎 ,𝑡 = 8𝜆
𝜌𝑐𝑝𝜖

𝑆 𝑂 𝐶𝜎 ,𝑊 𝑖𝑃 ,𝑡 (21)

Long-term storage is commonly associated with 5G networks [3,28–
30,75]. The PTES technology is chosen for its competitiveness, indepen-
dence of geological conditions [75] and temperature adequacy [45].
Eq. (22) enforces the time coupling for PTES. Similar model formula-
tions are used in related literature for aquifer and boreholes, coupled
with additional HPs for the temperature adequacy [40]. With higher
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investment, operating and maintenance costs, other long-term storages
would be less accepted. The PTES serves both the warm and cold
network sides (Fig. 1b), following principles described in [76,77].

𝑆 𝑂 𝐶𝜏𝑠 ,𝑡+1 = (1 − 𝜅𝜏𝑠 )𝑆 𝑂 𝐶𝜏𝑠 ,𝑡 + 𝜅𝜏′𝑠𝑆 𝑂 𝐶𝜏′𝑠 ,𝑡 + 𝜂𝑐 ℎ𝜏𝑠 𝑄
𝑐 ℎ
𝜏𝑠 ,𝑡

− 1
𝜂𝑑 𝑐 ℎ𝜏𝑠

𝑄𝑑 𝑐 ℎ
𝜏𝑠 ,𝑡

∀(𝜏𝑠, 𝜏′𝑠) ∈ {𝑃 𝑇 𝐸 𝑆𝐻 , 𝑃 𝑇 𝐸 𝑆𝐶} , 𝜏𝑠 ≠ 𝜏′𝑠 (22)

3.3.4. Sets of technologies
This work compares DTNs, but nodes can choose to disconnect from

it. Specific technologies tailored for collective systems cannot be used
by disconnected nodes [34]. In the model, sets of technologies are
allowed 𝛯𝑁 𝑒𝑡

𝑛 or disallowed 𝛯𝑁 𝑜𝑑 𝑒
𝑛 if a node 𝑛 connects to any potential

link 𝑙 ∈ (>𝑛) of the DTN. Eq. (23)–(24) links the connection status
(binary variable 𝛿𝑙) with the technology installation status 𝛿𝑡𝑎𝑢 via the
Big𝑀 method,2 𝑀 being an arbitrarily large number. The technology
sets are described in Section 4.

∑

𝜏∈𝛯𝑁 𝑜𝑑 𝑒
𝑛

𝛿𝜏 ≤ 𝑀
∑

𝑙∈(>𝑛)

𝛿𝑙 (23)

∑

𝜏∈𝛯𝑁 𝑒𝑡
𝑛

(1 − 𝛿𝜏 ) ≤ 𝑀
∑

𝑙∈(>𝑛)

𝛿𝑙 (24)

Table 2
Scenarios and associated values.

Field Values

Always
Location {LA, OR, WI}
Generation {4, 5}
CO2 Reduc {−0,−25,−50,−75} %

Strategy

Price Elec {0.2,0.3,0.4} $/kWh
Carbon Elec {0.25,0.4,0.7} kgCO2/kWh
Carbon Tax {0,65,170} $/tCO2
Lifetime {7,15,tech} y

Resource

Storage y/n
MicroGrid y/n
WasteHeat y/n
Roof Fraction { 50 } %

Layout
Shape {Star, Line, Loop} (Fig. 2)

Station {Hospital, SuperMarket,
LargeOffice}

4. Case study

4.1. Scenarios and sensitivity

We name base cases the scenarios using exclusively default bolded
values in Table 2. Alternative scenarios always only use a single non-
default value at a time.

Three US locations are selected: Louisiana (LA), Oregon (OR) and
Wisconsin (WI) respectively for their hot, temperate and cold climate
(Table 3). The carbon reduction is relative to what is achievable.
It is not an absolute emission reduction, as outlined in the results
section. The value tech for the lifetime means the annualization factor
is considered for the lifetime of each technology. The roof fraction is
the usable fraction of roof surface to install ST or PV. Three of the four
load types (hospital, offices, supermarket, residential) are considered to
host the central station (c.f. Fig. 3).

4.2. Resources and data

The study uses aggregated cooling and heating loads, where the
latter merges demands for hot water and space heating together. Load
data of 4 building types over 3 locations (Table 4, Appendix C) from the

2 https://en.wikipedia.org/wiki/Big_M_method
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Table 3
Degree days (base 18.3 ◦C).

LA OR WI

HDD 754 2326 4082
CDD 1547 204 303

Table 4
Total thermal load for each node.

LA OR WI

(GWh/y) Heat Cold Heat Cold Heat Cold

Apartments 1.83 5.57 3.39 1.20 6.24 1.53
Hospital 1.38 7.36 1.89 5.26 2.10 5.03
Offices 0.39 6.89 0.68 2.12 1.72 2.37
Superstore 0.44 0.52 1.37 0.04 1.96 0.09

dataset [78] is used. The dataset is built from EnergyPlus simulations
of archetypes in the US.

The EnergyPlus website3 hosts the TMY3 weather files used for the
simulations. These files are combined with Gsee4 (PV) and the model
from [79] (ST) to precompute solar resources. They are combined with
a model from [80] for the soil temperature and with a model from [81]
to precompute the COP of HPs and chillers.

4.3. Temperature setpoints assumptions and waste heat

The water in 5G networks is maintained at 25 ◦C and 10 ◦C for the
warm and cold sides [6,82]. For the 4G, heat supply and return are at
70 ◦C and 40 ◦C [35], cold supply and return are at 6 ◦C and 12 ◦C [7].
Demands for hot water and space heating are merged. Heating service
is at 40 ◦C, cooling service is at 12 ◦C. HP and chiller efficiencies
are precomputed for a refrigerant 15 ◦C above heating service and at
1.7 ◦C for cooling service. Indoor setpoints are specified in the dataset
manual [78].

Waste heat (WH) is modeled by installing additional ST at the
central station, inspired by the prosumer model in [18]. The ST capacity
used for WH equals half the peak load of the station node. WH only
represents a heat production surplus between 60 ◦C and 80 ◦C, it has
neither investment costs nor roof area, and no associated solar tank.

Fig. 2. Network configuration layouts.

4.4. System potential designs

4.4.1. Network layouts
Nodes may connect following the ‘‘Star’’ configuration in the base

cases (Fig. 2). The interest of ‘‘Line’’ and ‘‘Loop’’ configurations are
investigated for the assessment of geographical features in Section 6.4.

3 https://energyplus.net/weather
4 https://pypi.org/project/gsee/

https://en.wikipedia.org/wiki/Big_M_method
https://energyplus.net/weather
https://pypi.org/project/gsee/
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4.4.2. Nodes layouts
The potential configurations of nodes are shown in Figs. 3(a)–3(c)

for 4G nodes and in Fig. 3(d) for 5G nodes. Technologies in black cells
are only available for the central station. If a central station disconnects
from the network, then:
7

• 4G: the potential layout of the central node becomes identical to
those of a regular node (Fig. 3(a))

• 5G: elements in black cells in Fig. 3(d) are no longer available.
Fig. 3. Potential layouts of nodes.



Energy 311 (2024) 133336F. Lédée and R. Evins
Fig. 4. Pareto fronts of all base scenarios showing the improvements caused by allowing the usage of storage (colored area) and the overall relative connectivity of nodes in the
network for each solution (pie charts).
5. Limitations

5.1. Model limitations

We acknowledge the following necessary simplification in the
model:

• A MILP formulation is used. It allows simultaneous sizing and
operation of all nodes and network. However, it is designed
for early stage assessment and is not a ‘‘ready to implement’’
model. The model is based on previously introduced literature.
We believe its resolution matches the uncertainty on load and
weather at very early design stage.

• Temperature setpoints are set constant prior to computations. No
temperature control is included. Consistent temperature levels
from related literature [6–9,16,22,32,35,82,83] influenced this
choice. These assumptions allow to precompute efficiencies and
linearize the model (c.f. Section 3.2). To maintain the scope of
the model (e.g. sizing, central-decentral trade-off) and tractabil-
ity [71], more advanced linearization techniques [42] were not
considered.

• Some modeling elements (e.g. non-linear investment costs [71],
time varying cost and carbon intensity of electricity) were not
included in the study for the sake of simplicity and feasibility of
all scenarios.

5.2. Scope limitations

The study breaks down results to gain understandability on how
performances are reflected in the energy and investment strategies
suggested by the solver. Three cases are selected to offer an overview
of similarities and differences over different climates. A systematic in-
depth investigation limits the possible number of cases (Section 4.2).
However, 3 cases are not sufficient to generalize observations. The im-
pact of different load patterns, heating–cooling overlap (Appendix C),
local weather and resource availability is left out of the scope to instead
focus on decision mechanisms within the model.

6. Results

An in-depth analysis of base cases is conducted in Section 6.1.
Sections 6.2–6.4 extend on the sensitivity of main results to key pa-
rameters.
8

6.1. Base cases: Storage and waste heat

6.1.1. Pareto fronts and connectivity
Results for the base cases are shown in Fig. 4, along with scenarios

without storage and WH. The solid lines show cases without storage,
the benefit of allowing storage is represented by the colored area. The
pie charts show the share of heat and cold delivered by the network,
their sizes depict the nodes connectivity.

Pareto fronts for 5G strictly dominate those for 4G in all locations.
The 5G DTN is always used, with consistent share and connectivity
throughout the decarbonization. The 4G DTN is only used in OR. For
this case, an increasing share of cooling transits via the DTN to support
decarbonization, except for the most restrictive carbon target. For all
other 4G cases, the optimal solution excludes the DTN and focuses on
decentralized systems.

The 5G network supplies equivalent shares of heat and cold in all
places. This is more beneficial for places with balanced demands. For
example, the DTN covers 46% of the heating and 38% of the cooling
for a well-balanced demand in OR, but 77% and 14% respectively for
the heating and cooling of a cooling dominated demand in LA.

The 4G network benefits from independent heating and cooling
sides. When used in OR, it consistently covers 25% of the heating, and
10% to 62% of the cooling. Decentralized HPs are preferred, since high
network temperatures limit the efficiency of central HPs. Thus only gas
is used to supply heat via the DTN. Central and decentralized chillers
have similar efficiencies due to comparable service temperatures, the
centralized solution is preferred to reduce investment costs.

The storage increases the financial gap between 4G and 5G cases.
Carbon emissions are also reduced, more for 5G cases than 4G. Waste
heat always increases costs and emissions. This is compensated by
storage in 4G. It is partly shared via the network in OR, which reduces
the gap between 4G and 5G there.

The decarbonization cuts up to 75% of what is technically achiev-
able, as loads cannot be reduced. With 5G, the kg of removed carbon
emission costs on average ¢42 in LA, ¢1.3 in OR and ¢6.4 in WI. LA can
only reduce 14.5% of absolute emissions, while a 41% cut is achieved
in OR and WI. For the 4G cases, the transition costs ¢15 in LA, ¢2.7
in OR and ¢8.3 in WI, with respectively 12%, 54% and 34% absolute
carbon reduction achieved.

The cost increase is stronger for stricter carbon emission targets.
This is particularly visible in LA, where half of the increase happens
when going from −50% to −75% emissions. Reasons for this are
highlighted in Fig. 5.

6.1.2. Analysis of the energy strategy
Electrification drives the decarbonization for all locations (Fig. 5). It

has minor influence on the financial strategy, consisting of 45%–60% of
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Fig. 5. Financial and energy strategies throughout decarbonization, with storage and waste heat included.
operating costs, 35%–45% of maintenance and annualized investment,
and 5%–10% of carbon tax. The most significant change is observed
for the 4G case in OR: 10% of the cost is transferred from investment
and maintenance to operation between −50% and -75% emissions
(Fig. 5(b)), i.e. when the 4G network is abandoned (Fig. 4).

The share of gas in the energy mix consistently decreases throughout
the decarbonization, replaced by grid and PV electricity. The share of
9

PV electricity is greater in 5G cases than in 4G cases, and this share
increases more throughout decarbonization. Inversely, 4G uses more
gas and is less able to reduce its usage when decarbonizing.

The energy portfolio differs in every location and explains the
different slopes observed in Fig. 4. OR use the most gas at −0%, which
is cheap to replace with electricity. LA is almost entirely electrified at
−0%. Removing the remaining gas requires costly investments for PV
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Fig. 6. Detailed difference in costs and emissions between homologous 4G and 5G cases.
and storage for minor reduction of the emissions. WI is an intermediate
case where a trade-off of the above occurs.

6.1.3. Difference between 4G and 5G cases
Fig. 6 details the financial (left) and environmental (right) differ-

ences between 4G and 5G cases. Positive values mean that 5G cases
are more expensive or polluting than their homologous 4G cases in
the specified category. The dashed line 𝛥𝐺 𝑒𝑛 confirms the consistent
overall lower cost and carbon intensity of 5G cases.

5G DTN can balance out simultaneous heating and cooling demands
within nodes (‘‘SelfBalance’’) and between nodes (‘‘NetBalance’’). This
increases the overall system efficiency, with cost decreases of 5G cases
over 4G cases valuated from 4$∕𝑀 𝑊 ℎ𝑡ℎ in LA to 10$∕𝑀 𝑊 ℎ𝑡ℎ in OR.
This also consistently reduces emissions by 5–10 𝑘𝑔 𝐶 𝑂2𝑒𝑞∕𝑀 𝑊 ℎ𝑡ℎ.

The interface network-buildings is more expensive and more often
used in 5G cases (HP) than 4G cases (HX), representing 5-10$∕𝑀 𝑊 ℎ𝑡ℎ
additional costs for 5G cases over 4G cases. However, it is mainly
compensated by a reduction in investment for other decentralized
generators (‘‘Other’’). The remaining investments (roof technologies,
storage) weigh little on the financial difference between 4G and 5G,
first because both cases benefit from it similarly, second due to the
low associated maintenance costs and annualization of the investment.
Their impact on the emissions is none as embodied emissions are not
considered.

The storage operation (‘‘StorageOpe’’) brings little financial differ-
ence between 4G and 5G cases, but is the main factor explaining
differences in emissions in OR and WI. The lower total costs related
to storage for 5G cases observed in Fig. 4 are explained by an in-
duced change in the system and in energy strategy, while returned
energy itself has minor financial value against fixed grid and gas
prices. However, the storage operation cuts carbon emissions up to
20𝑘𝑔 𝐶 𝑂2𝑒𝑞∕𝑀 𝑊 ℎ𝑡ℎ more in 5G cases than in 4G cases. The energy
stored and restituted is assumed carbon-free, can be stored in larger
quantities in the PTES (5G) than in individual HWT (4G), and can be
better redistributed through the 5G DTN. For OR and WI, decarboniza-
tion reduces the difference, as 4G cases increase their use of storage.
For LA, storage is used little as renewable production is mainly directly
used for air-conditioning.

6.2. Financial and environmental parameters

This section presents the sensitivity of results to strategic param-
eters (c.f. Table 2) for the cases in OR. OR is specifically selected
for its representativeness and acceptance of the 4G DTN. Figs. 7–10
have a similar structure and are purposefully dense in information.
Sections 6.2.1 to 6.2.4 analyze the overview and major trends from
each figure, the reader is free to analyze the figures beyond the textual
interpretation.
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A block in Figs. 7a to 10a shows the financial difference between
two consecutive scenarios for a same network generation for one
decarbonization level. The block filling details the contribution of each
financial category in the difference. Each block couple covers all three
studied scenarios for each case. Block couples of similar decarboniza-
tion levels are put side-by-side to facilitate comparison between 4G and
5G. The block frame helps visualizing the network generation. The solid
lines show the carbon intensity for each scenario (right axis).

A bar in Figs. 7b to 10b shows the energy strategy of one case under
one scenario. The bar filling details the contribution of each energy
source in the mix. Each bar triplet covers all three studied scenarios for
each case. Bar triplets of similar decarbonization levels are put side-by-
side to facilitate comparison between 4G and 5G. The bar frame helps
visualizing the network generation. The solid line shows the share of
renewable energy in the local production mix (right axis). The size of
circles indicates the overall connectivity, i.e. the fraction of thermal
energy covered by using the network.

6.2.1. Price of electricity
Both costs and emissions increase with the price of electricity

(Fig. 7a), making the decarbonization more expensive. An increasing
price of electricity sees grid electricity being replaced by gas and
RnE, increasing the operation and investment costs, while making the
4G network more attractive (Fig. 7b). As the increase in electricity
price affects the performances of all cases more than a change of
DTN technology does, 5G cases remain better than 4G cases in costs,
emissions, DTN usage and RnE penetration.

6.2.2. Carbon tax
The carbon tax affects the financial and environmental perfor-

mances more than a change of DTN technology (Fig. 8a), despite being
a minor share of the investment strategy in base cases (Fig. 5). Its
increase significantly raises costs at all decarbonization levels, and
reduces carbon emissions as much as the enforced decarbonization.
When the ecotax goes from 0 to 65$/t𝐶 𝑂2𝑒𝑞 , its share in the financial
strategy explains the cost rise while little changes are observed in the
design. From 65$ to 170$, the system design is impacted, and the
share of operating and investment costs explains the cost increase.
These changes come along with lower energy uses for 4G and 5G
cases (Fig. 8b), i.e. an overall increase in efficiency, in which gas is
substituted by grid and renewable electricity. Thus the 4GDTN is less
attractive while the 5GDTN remains highly used.

6.2.3. Carbon intensity of electricity
A higher carbon intensity of the electricity increases both the costs

and carbon emissions. This effect is stronger with stricter carbon tar-
gets. Higher carbon intensities limit the decarbonization more in 4G
cases than 5G, increasing the gap between them (Fig. 9a). However,
the increase in DTN usage is marginal. For -0% and -25% emissions, the



Energy 311 (2024) 133336F. Lédée and R. Evins
Fig. 7. Effect of the electricity price on 4G and 5G cases in OR.
Fig. 8. Effect of the carbon tax on 4G and 5G cases in OR.
Fig. 9. Effect of the electricity carbon intensity on 4G and 5G cases in OR.
ecotax and higher share of gas cause the mild cost increase (Fig. 9b).
For stricter carbon targets, the required cut in gas usage forces system
changes, explained by higher shares of RnE and investment costs. The
penetration of RnE and its increase are significantly stronger with the
5G case.

6.2.4. Lifetime of equipment
The lifetime relates to the time span over which the annualized

investments are spread. Shorter lifetimes have little impact on the
overall emissions, while inducing a rise in costs mainly driven by higher
investment (Fig. 10a). The gap between 4G and 5G remains unchanged,
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while the impact of lifetime is greater than these of changing the
DTN technology and is consistent throughout decarbonization. The
higher investments only reflect the direct link between investment and
lifetime, while stable energy strategies reveal that minor structural
changes occur in the system (Fig. 10b). Shorter lifetimes slightly reduce
the share of gas and RnE, both relying on generation technologies, and
the DTN usage is slightly reduced. With these changes the operation
costs also contribute to increasing the overall costs.
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Fig. 10. Effect of the lifetime of assets on 4G and 5G cases in OR.
Fig. 11. Impact of accounting for local electricity at the district level.
6.3. Micro-grid

A micro-grid model was added to allow an electrical connection
between buildings. The micro-grid simply considers DC lines and the
cost of infrastructure is not considered. This is suggested to study the
impact of accounting for locally generated electricity. Indeed, buildings
generate PV electricity and feed surplus back into the grid. However,
that electricity is likely to flow directly to a neighbor building in need.

Figs. 11(a) and 11(c) show the effect on financial and environmental
performances of accounting for local renewable generation. A drop
in costs is observed with local electricity. This decrease is twice as
important as the financial gap between 4G and 5G in LA, while being
equivalent to the gap in WA and half of it in OR. Additional cooling is
supplied via the 4G DTN in OR, while the 4G DTN remains unused in
other locations. The usage of 5G DTN remains unchanged. Accounting
for local electricity reduces carbon emissions in LA and WI, where
cooling and RnE potential align, however hardly impacts decarbonizing
in OR.

The consequences on the energy strategy are shown in Fig. 11(c) for
OR, with similar trends in other locations. The share of gas increases
with local electricity. This effect is stronger in OR, explaining the lack
of carbon benefits there. With local electricity, the share of RnE system-
atically increases by 10%, and rises 10% more over the decarbonization
instead of 7%. The rest of the strategy behind decarbonization is
unchanged, with grid electricity replacing gas.
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6.4. Topology and energy station

Different scenarios were tested for the topology and building hosting
the main energy station.

Fig. 12 shows the best and worst performing combination of topol-
ogy and building type hosting the central energy station. With a favor-
able topology and station location, the usage of a 4G DTN can become
viable (Fig. 12(a)) and improve performances of 4G cases (Fig. 12(b)).
Performances of 5G cases can also be impacted, and the 5G DTN usage
may be less consistent. A different topology and station location may
result in close comparisons between 5G and standalone (Fig. 12(c)),
5G and 4G DTN (Fig. 12(b)) or even make 4G DTN more financially
attractive than 5G (Fig. 12(a)).

7. Discussion

The heat-cold balancing within a building allowed with 5G net-
works represents a significant advantage in this study. This is techni-
cally allowed by the usage of independent HP and EChill interacting
with the network [9]. This effect could be reduced or canceled with
buildings having no concurrent loads or using VRF and advanced
HVAC systems. However, 4G networks only focus on delivering thermal
energy at the supply temperature required by buildings and need
the required temperature to be homogeneous across the network. 5G
networks are rather associated with high quality buildings, thus the
data and network interaction as implemented, seem reasonable.
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Fig. 12. Performances of different topologies and building types hosting the main energy station.
The share of energy via the network represents another major part
of the superiority of 5G networks over 4G networks, while most related
literature concludes on the superiority of centralized systems. The
current network model is based on energy transfer, as implemented
by Wirtz et al. [9,71,77,84] and used in estimates of 5G network
potential [47,83,85,86]. It also aligns with 4G models commonly used
in literature [32,35–37]. More generally, this energy transfer paradigm
using MILP was found accurate when confronted to real data [40] for a
5G network, and even verified against simulation for a 4G case [36]. It
differs from temperature-based networks in comparative studies using
optimization and simulation [8,16–22], which is supposed to be more
accurate. For example, Gross et al. [18] verified the fluid-dynamic
aspect of their simulation approach against real data.

An additional explanation may be found in the case study and
share of cooling in the demand. Table 1 shows that most authors
comparing both technologies do so with little load diversity, and when
the diversity exists, chosen cases show a largely dominating heating
demand. The study by Zhang et al. [86] shows conditions and types of
buildings most suited to boost efficiency of a 5G network. It happens to
match with the combinations of building types and climates we chose.

The observations are only valid within the reduced pool of cases.
Other conditions (weather, resource availability, load patterns, con-
current heat and cooling demands, number of buildings, load density,
temperature set points and controls) influence the performances of DTN
based MES. Their importance needs further quantification through a
significantly larger pool of cases.

Specifically, temperature integration and control have significant
impacts on DTN flexibility and efficiency. This study focuses on early
stage design assessment, temperature approximations are assumed to
level the high uncertainty of loads and weather conditions. Later and
more informed stages of development would benefit from additional
information (e.g. varying prices and carbon intensity of electricity) and
control (e.g. temperature control) to better implement informed control
strategy.

Including more information at early stage design is appealing but
faces limitations. Limitations may reside in the need of drastic simpli-
fications on other model aspects. Or burdensome iterative processes
relying on advanced tools must be used [87]. For the latter, future
work is needed to build fast and reliable surrogate models to replace
burdensome advanced tools in such iterative process.

The current study also highlights the need for further investigation
about 5G network modeling. The ability to balance energy is at the
center of interest for 5G networks, however its implementation and
results in the current study may be controversial. Future work should
13
focus on assessing the importance and technicity of the energy sharing
through a 5G network.

8. Conclusion

The selection network technology in the development of energy
projects must be addressed at early-stage design. The present study
implements a linear energy hub model encompassing specific char-
acteristics of both 4th (4G) and 5th generation (5G) district heating
and cooling networks, including the strong warm/cold coupling of 5G
technologies. The model is challenged across a variety of scenarios for
districts with a mix of building types.

The 5G is found to perform financially and environmentally better
than 4G. This differs with results from related literature. The ability
to balance out simultaneous heating and cooling demands across the
5G network explains most of the difference. It overtakes the higher
investment for decentralized heat pumps. The current energy-based
model uses a different paradigm than most literature comparing 4G
and 5G, which is based on network temperature. Both paradigms
were validated in publications and against simulation and real data.
However, the latter does not seem to capture this balancing ability
across the 5G network.

Results should be further nuanced due to the model sensitivity in
critical parameters. Annualized models amplify the role of operation
and minimize these of investments, which strongly differs from com-
mon practice accounting for shorter ROI periods. Moreover, potential
topology and the spacial spread of loads within the network is found to
significantly impact the difference between the two network technolo-
gies, possibly making 4G more profitable than 5G in specific climate
zones.

The difference between the temperature and energy paradigms
in the modeling of 5G networks requires further investigation. The
computationally intensive requirements of such models does not allow
statistically rigorous sensitivity analysis and limits the integration of
temperature control, which motives further development in surrogate
modeling for district thermal network.
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Appendix A. Parameters

The prices and parameters of the model are issued from commercial
data, vendor websites, and related publications (see Tables A.1–A.3).
Details about the price calculations can be found in the repository.5

Costs, schedules 𝜖 and thermal capacities 𝜆 differ between 4G and
G links due to the absence of insulation for the latter. Costs differ

between Supply/Return and Warm/Cold due to groundwork estimated
as 285 $/m [9] and accounted for only once. Thus, we assume cold and

arm 4G networks require separate groundwork.
The efficiencies ‘‘pre’’ are precomputed efficiencies for every time

step 𝑡 (see Section 4). The specific investment cost of ST results from
 combination of factors: positive fixed costs, subsidies in most cases

used to evaluate the cost, a minimum installation capacity to ensure
a positive investment cost (see document available in the repository)
A proportionality coefficient of 5.7 is enforced between the installed
capacities of ST and Solar Tank.

Table A.1
Technico-financial parameters for the network pipes.

𝐶𝑓 𝑖𝑥 𝐶 𝑙 𝑖𝑛 𝛥𝑝𝑥 𝐷 𝜖 𝜆 life 𝐿
($/m) ($/kW m) (Pa/m) (mm) (mm) (W/m K) (y) (m)

Supply 4G 387 0.03 200 250 44 0.04 30 200
Return 4G 102 0.03 200 250 44 0.04 30 200
Warm 5G 385 0.03 200 250 20 0.4 30 200
Cold 5G 100 0.03 200 250 20 0.4 30 200

Table A.2
Parameters of converters.

𝐶𝑓 𝑖𝑥 𝐶 𝑙 𝑖𝑛 𝐶𝑂&𝑀 𝐻𝜎 ,𝜏 life
($) ($/kW) ($/kW) (y)

PV 0 1020 9.7 pre 20
ST −1366 1213 18.3 pre 25
GB 1492 47 15.6 0.925 25
EB 95 219 7.31 0.98 25
AChill 2460 664 11.6 0.72 20
CHP 3000 1150 42.5 0.37/0.46 20
ASHP 2968 198 32.5 pre 20
EChill 2968 198 32.5 pre 20
5G Interface 3876 115 83.2 pre 25
4G HX 0 100 1.1 1 20
Central GB 1268 40 13.3 0.98 25
Central EB 81 186 6.2 1 25
Central ASHP 2523 168 27.6 pre 20
Central EChill 2523 168 27.6 pre 20

5 https://gitlab.com/fledee/detail_network
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Table A.3
Parameters for storage.

Solar Tank HWT WiP PTES

𝐶𝑓 𝑖𝑥 ($) 0* 225 0** 554
𝐶 𝑙 𝑖𝑛 ($/kWh) 0* 79 0** 0.4
𝐶𝑜&𝑚 ($/kWh) – – – –
𝛽𝑐 ℎ/𝛽𝑑 𝑐 ℎ 0.3 0.5 0.2 **
𝜅 0.05 0.05 0.038 0.001
𝜂𝑐 ℎ/𝜂𝑑 𝑐 ℎ 1 1 1 1
life (y) 20 20 30 30

* Costs in ST, capacity is 5.7 × ST.
** Related to network links.

Appendix B. 5G interface

The unit is composed of three elements: a water sourced HP, a
ater sourced chiller and a balancing unit (see Fig. B.1). The HP and

chiller consume electricity to pump water in one pipe, process it and
reject the downgraded water in the other network pipe. The amount
of thermal energy retrieved, fed back and transferred to the building
equal the electricity input divided by the efficiency (𝑄̇𝑒𝑙

𝑡 ∕𝐶 𝑂 𝑃𝑡). This
principle represents the operation of 5G DTNs. For the building to also
feed energy, the balance element is needed. It can cancel out 1 unit of
active heat with one of active cold. Feeding an extra unit of heat to the
network is equivalent to cooling the building down: (1) importing cold
from the network, which generates the heat in the network, then (2)
ancel out this imported cold with the excess heat.

This does not affect the heating and cooling demands, which must
still be met. However, a simultaneous usage of the HP and chiller allows
to cover simultaneous heating and cooling demands, exploiting the
network locally with no generation of thermal energy, and at the only
expense of the electricity bill to use both devices simultaneously.

Appendix C. Building data overlap

The total thermal load of every node type was described in Table 4
of Section 4. The potential of 5G networks also relies on the simulta-
neous heating and cooling demands [9]. As a way to measure it, the

emand Overlap Coefficient (DOC) was suggested by Wirtz et al. [83].
The DOC 𝛷 is expressed in Eq. (25), where 𝑄̇𝐿𝑜𝑎𝑑

𝑛,𝐻 ,𝑡 and 𝑄̇𝐿𝑜𝑎𝑑
𝑛,𝐶 ,𝑡 are the

heating and cooling loads at every time step 𝑡. Its value lies between
0% and 100%, with 100% meaning both loads are identical.

𝛷 =
2 ⋅

∑

𝑡∈T min{𝑄̇𝐿𝑜𝑎𝑑
𝑛,𝐻 ,𝑡, 𝑄̇𝐿𝑜𝑎𝑑

𝑛,𝐶 ,𝑡 }
∑

𝑡∈T(𝑄̇
𝐿𝑜𝑎𝑑
𝑛,𝐻 ,𝑡 + 𝑄̇𝐿𝑜𝑎𝑑

𝑛,𝐶 ,𝑡 )
(25)

The DOC 𝛷 was calculated for every possible combination of node
type considered in this study (Hospital, Apartments, SuperMarket, Of-
fices). Fig. C.1 displays the DOC values, detailed by number of com-
ined nodes. Hospital and Apartments have the highest DOC for single

nodes. Highest DOCs in all locations arise from combinations of two
or three node types among Hospital, Apartments and SuperMarket.
Fig. C.1 also shows the DOC is overall lower in LA, at best 40%, and
higher in OR, with values up to 70%.

Data availability

A git repository containing the data, codes and estimates of finan-
cial parameters is made available at https://gitlab.com/fledee/detail_
network.

https://gitlab.com/fledee/detail_network
https://gitlab.com/fledee/detail_network
https://gitlab.com/fledee/detail_network
https://gitlab.com/fledee/detail_network
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Fig. B.1. Detailed principle of the interaction 5G DTN - Node.
Fig. C.1. Ratio of simultaneous heating and cooling for all possible combinations of loads.
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