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ARTICLE INFO ABSTRACT

Handling Editor: Henrik Lund This paper investigates the energy performance and sizing criteria of 5th generation district heating and cooling
(5GDHC) networks as a function of the heat distribution temperature in the building systems connected to the
district network. An energy simulation model of a 5GDHC network was developed in Modelica for a case study
located in Denmark. Calculations were carried out for four different building heating systems. Simulation results

show that reducing the heat distribution temperatures from 70 °C to 23 °C leads to around 40% annual electric
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iIGe;)tHP?lm s energy savings (from 10.4 kWh/m? to 6.2 kWh/m?) for the operation of the heat pumps. Heat distribution
Modelica P temperatures of 23 °C cause higher water mass flow rates through the network, leading to annual electric energy

consumption for the circulation pumps that are almost doubled (from 0.16 kWh/m? to 0.3 kWh/m?) compared to
the reference case at 70 °C. Furthermore, the paper discusses how the results obtained from the Danish case study
can be generalized and applied to other cases using a simplified mathematical approach. It is found that about
1.5% of electric energy savings can be achieved for each temperature degree reduction in the heat distribution

Building heating systems

system.

1. Introduction
1.1. Background

Today, 55% of the world’s population lives in urban areas, a pro-
portion that is expected to increase to 68% by 2050 [1]. Urbanization is
a challenge that combines social, economic, and environmental issues.
From an energy point of view, it offers the opportunity to implement
infrastructures that can contribute to the reduction of CO5 emissions. In
this context, district heating and cooling systems are expected to play an
important role towards the decarbonization of cities and communities.

The concept of district heating (DH) was developed by means of
centralized production of heat and its distribution to final users by a
network of pipes. Historically, four generations of DH are recognized
[2]. The so-called 1st generation of district heating networks was
introduced in the late 1800s century using steam as a heat carrier. These
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systems were replaced by 2nd generation networks, which use pres-
surized liquid water instead of steam, with supply temperatures over
100 °C. The 3rd generation (3GDH) of systems was introduced in the
1970s and it is characterized by supply water temperatures often below
100 °C. The so-called 4th generation of district heating (4GDH) net-
works is a recent district heating concept, and it is identified by even
lower temperature levels (30-70 °C) and the integration of renewable
energy sources.

Case studies show that the transition from 3GDH to 4GDH is cost and
energy effective. For example, the case of Aalborg municipality revealed
that moving from 3GDH to 4GDH decreased the primary energy con-
sumption of the energy system by around 4.5% and the costs of the
system by 2.7% [3]. Averfalk et al. [4] reported higher profitability of
4GDH in comparison to 3GDH for a case study located in the city of
Strasbourg.

Despite the improvements achieved by 4GDH networks in terms of
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energy efficiency, integration of renewable sources and cost, the topol-
ogy of 4GDH systems is often identical to that of the previous genera-
tions: the network of pipes is designed to deliver exclusively thermal
energy for heating to connected users. This can be seen as a limitation,
especially considering two aspects. First, urban areas typically consist of
a mix of residential, commercial, and industrial buildings that require
simultaneous heating and cooling. Second, energy demand for space
cooling has grown rapidly since the 1990s [5], and this trend is expected
to continue in the future due to global warming, building thermal
insulation and raising comfort standards. For these reasons, current
research focuses on new thermal networks that can deliver both heating
and cooling services using the same pipes. Such networks are often
defined as the 5th generation of district heating and cooling (5GDHC)
networks [6-8]. It is acknowledged that the label 5GDHC has caused
some divergence within literature [9,10], and other terms have been
coined to define such DHC networks, namely: i) Cold district heating [11],
ii) Bidirectional low-temperature networks [12], iii) Anergy networks [13],
iv) Neutral Temperature District Heating [14]. In this study, they are
referred to as 5GDHC networks.

In 5GDHC networks, distribution water temperature is close to
ground temperature (approximately between 5 and 35 °C [15]), and
therefore, not suitable for direct heating. Buildings are equipped with
substations consisting of water source heat pumps (HPs), which can lift
temperatures to those required by the user for space heating and do-
mestic hot water. Cooling can either be provided passively with heat
exchangers, or actively with chillers, supplying their waste heat back
into the network. One of the advantages of using decentralized HPs is
related to the possibility of supplying heat at temperatures adapted for
each end-user. In comparison, centralized traditional district networks
are constrained by the worst end-user’s temperature level. Other ad-
vantages of SGDHC networks are the reduction of heat losses in the
distribution network and the direct exploitation of low-temperature heat
sources. On the other hand, more complex and expensive substations
compared to traditional systems are necessary. Moreover, due to the
small temperature difference between supply and return pipes (or warm
and cold pipes), higher volumetric flow rates are required to provide the
same thermal power with respect to a traditional DH network. To limit
pressure losses, pipes with large diameters are typically installed.
However, as these systems operate with near ground temperatures, they
are generally non-insulated.

1.2. Previous work on 5GDHC systems

Despite the concept of 5GDHC being relatively new, several systems
are in operation in Europe [6]. Most of them were constructed as pilot or
demonstration projects [16-19], and operational performance and
monitoring data are seldom available. Thus, the experience gained from
such projects is often limited, and this makes it challenging to develop
the 5GDHC concept for implementation in large urban areas consisting
of hundreds or thousands of buildings. To fill this gap, in recent years,
most of the research studies have focused on the development of nu-
merical models capable of carrying out preliminary design, equipment
sizing and energy performance analysis of 5GDHC networks.

Wirtz et al. [20] presented a novel methodology based on linear
programming for designing and evaluating bidirectional 5GDHC sys-
tems. When applied to a real-world use case in Germany, this design
approach showed a cost reduction of 42% and caused 56% less COy
emissions compared to individual heating, ventilation, and air condi-
tioning (HVAC) systems.

Zarin Pass et al. [21] explored the environmental benefits of 5GDHC
systems by means of exergy efficiency. A diversity metric was developed
to understand in which cases bidirectional DHC networks may be more
efficient than individual-building systems. This metric was then applied
to reference building load profiles in three cities. It was found that a
bidirectional system has benefits when the ratio of heating to cooling
loads on average is at least 1 to 5.7 or vice versa.
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Wetter and Hu [22] analyzed the controllability of bidirectional
networks in which each substation draws water from a warm distribu-
tion pipe and feeds it back to a colder distribution pipe if in heating
mode, and vice versa if in cooling mode. They concluded that such
bidirectional networks are hard to control as substations can induce in
other substations instabilities that are propagated to the whole system
via the water pressure fluctuations. They therefore proposed to use a
so-called reservoir network, a novel 5GDHC system topology based on
[23]. The reservoir network uses a one-pipe hydraulic circuit where
substations are connected in series. Sommer et al. [24] further optimized
the reservoir network. Results from dynamic simulations show that, if
the network is operated with variable mass flow rate, total electric en-
ergy consumption differs by less than 1% between the reservoir and the
bidirectional system.

Von Rhein et al. [25] developed a software tool to analyze the
feasibility of 5GDHC systems in both new and existing districts. The tool
is able to identify the optimal network layout and it can calculate the
performance of the network based on various output metrics, including
primary energy usage, COy emissions, and network implementation
cost. Another software tool to optimize district energy systems was
developed by Wirtz [26]. The tool is intended for early planning phases,
and it helps to generate tailor-made profiles for heating, cooling, and
electricity demands. In addition, the tool implements models for DHC
networks (including 5GDHC).

Wirtz et al. [27] proposed a mixed-integer linear program (MILP) for
short-term optimization of the network temperature in 5GDHC systems.
In a case study, this optimization approach leads to cost savings in two of
the three investigated months (by 10% and 60% respectively) compared
to a reference operation strategy based on free-floating temperature.
This paper also shows that controlling the network temperature in
summer to enable direct cooling (by heat exchangers instead of chillers)
is of great importance for the overall network efficiency.

Biinning et al. [12] developed a control concept based on a tem-
perature set point optimization and agent-based control which allows
the modular integration of an arbitrary number of sources and con-
sumers in 5GDHC systems. The concept was applied to two locations
(San Francisco and Cologne) representing neighbourhoods with
different heating and cooling demands and boundary conditions. For
both locations, the bidirectional network with agent-based control was
the most efficient technology. In comparison to a conventional gas-fired
district heating system, the optimized network leads to primary energy
consumption reductions of 58% and 84% in the US and German sce-
nario, respectively. Reductions in CO3 emissions are 35% and 78%, and
reductions in energy costs are 53% and 57%.

Sommer et al. [28] summarize hydrothermal challenges in 5GDHC,
focussing on operational dynamics such as interaction of substations and
their effect on flow rate and temperature limitations of heat pumps.
They collect various criteria in a decision-making matrix and point out
that, in particular in 5GDHC systems, network choice should take into
account operational aspects in addition to quantifiable parameters such
as costs or emissions. For one case study, they investigate network ef-
ficiency based on flow rate through the network.

Edtmayer et al. [29] investigated how the heat energy production
through industrial heat pumps and the total thermal capacities of
5GDHC networks can provide flexibility for power to heat applications.
The authors simulated a district network of 2200 houses and evaluated
the flexibility offered to the grid with response to thermal comfort (in-
ternal temperature between 20 and 24 °C).

Abugabbara et al. [30] developed a simulation model for the design
and analysis of 5GDHC systems. The model was employed to simulate
the first existing Swedish DHC system with bidirectional energy flows.
Results revealed several benefits for integrating district and heat pump
technologies, including sharing energy flows between interconnected
buildings, reducing the total purchased energy, and reducing distribu-
tion losses.

Quirosa et al. [31] studied the integration of 5GDHC systems with
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Fig. 1. Layout of the urban area of Kgge Nord.

photovoltaic generation installed in the buildings to improve flexibility
by coupling thermal and electric sectors. Such integration led to about
30% reduction of grid electricity consumption.

1.3. Novel contributions

As mentioned in section 1.1, the major interest in using decentralized
heat pumps is to supply heat at temperature levels adapted to each end-
user. This is a particular advantage in areas populated with buildings
having different temperatures of heat distribution. This also means that
the overall energy performance (i.e., electricity consumption) of 5GDHC
networks strictly depends on the typology of heat distribution systems
installed in the buildings connected to the district heating systems.

Research analyzing building heating systems with different heat
distribution temperatures have been reported in literature. Gongalves
et al. [32] performed a comparative energy and exergy analysis of eight
space heating options. Different emission systems with heat distribution
temperatures varying between 70 °C and 40 °C were considered in
combination with different plants and heat generators. A similar study
was performed by Kazanci et al. [33], who carried out an exergy com-
parison of three space heating systems under different operating con-
ditions. When considering the combination of floor heating with
air-source heat pump, results indicated that 14% higher exergy input
is required when increasing the supply water temperature from 33 °C to
about 40 °C. Kerdan et al. [34] developed an exergy-based multi--
objective optimization tool to assess the impact of a diverse range of
retrofits measures, including HVAC configurations. For a school building
model connected to a ground source heat pump, an exergy destruction
reduction of 40% was achieved by replacing fan coil units with under-
floor heating.

It appears that previous works on this topic focused only on building
level, where different heat distribution systems are described and
compared using a single building as case study. However, no study has
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Table 1
Overview of building typologies.

Typology N. Floor area (per unit) Total floor area
units [m2] [m2]
Terraced house (TH) 153 96 14,688
Multi-family house 50 242 12,100
(MFH)
Block apartment (BA) 73 800 58,400
Office (OF) 5 10,000 50,000

quantified the influence of building heat distribution temperatures at
district level in the context of 5GDHC systems. Such investigation is
critical as the efficiency of decentralized heat pumps, which is mainly
influenced by the temperature lift, has a direct impact on the sizing and
operation of the water distribution in the district piping network and its
overall energy performance.

To fill the existing research gap, this paper presents a 5GDHC energy
simulation model, whose energy performance is calculated for different
heat distribution systems in the buildings. Simulations are carried out
for a case study located in Denmark. The paper also discusses how the
results obtained from the Danish case study can be generalized and
applied to other cases using a simplified mathematical approach.

1.4. Paper organization

The paper is structured as follows: Section 2 describes the case study
and the energy simulation models adopted; Section 3 presents the
simulation results obtained by comparing the four different building
heating systems; Section 4 illustrates the limitations of this study; Sec-
tion 5 discusses the results in terms of pipe sizing and generalizability;
and Section 6 concludes the article by summarizing the findings.

2. Methodology

This section introduces the urban area of Kgge Nord, which was
considered as a case study, and then describes the numerical models
used for the analysis.

2.1. Urban area and network topology

2.1.1. Demand profiles

Kgge Nord is a newly planned urban development area located in
Kgge, a municipality in Denmark with a population of approximately
62,000 and an area of about 260 km? [35]. The portion of the urban area
considered in this use case will be developed around the Kgge Nord train
station (55°29'58°°'N 12°10'19’E) and it consists of a mix of residential
and commercial buildings, as illustrated in Fig. 1. Table 1 provides an
overview of the amount and typologies of building units included in the
analysis. Detailed geometries of the building typologies are illustrated in
Fig. 2.

Hourly demand profiles for space heating, domestic hot water, and
space cooling, were calculated using the tool BAGEL [36]. This
Python-based tool enables users to create simplified building geome-
tries, assign input parameters (e.g., U-values, ventilation rates, internal
gains), execute energy simulations and output hourly profiles of heating
and cooling loads. To execute simulations, BAGEL uses a
resistance-capacitance building model, as specified in the ISO 13790
standard [37]. This model describes the thermo-physical behaviour of
buildings by means of an equivalent electric circuit consisting of five
resistances and one capacity (5R1C). Such a reduced-order model was
used in this work due to its ability to combine good accuracy with low
computation and parameterization requirements.

Table 2 shows the input parameters used for simulations for each
building typology. Since this is a newly planned urban area, not all in-
formation was available about the characteristics of the buildings.
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Fig. 2. Geometries of building typologies: terraced house (a), multi-family house (b), block apartments (c), and office (d).

Table 2

Input parameters for building energy models.
Parameter Residential (TH, MFH, Offices

BA)
U-value walls (W/m?K) 0.3 0.3
U-value Roof (W/mZK) 0.2 0.2
U-value Floor (W/m?K) 0.2 0.2
U-value Window (W/m?K) 1.1 1.1
Window-to-wall ratio 0.25 0.4
G-factor window 0.5 0.5
Ventilation rate (ACH) 0.4 1.25
Effectiveness of heat recovery unit 0.8 0.8
Natural cooling ventilation rate - Upto6
(ACH)
Internal heat gains (W/m?) 5 (weekly schedule) 25 (weekly
schedule)

DHW (W/m?) 1.5 (constant) 0.6 (constant)
Heating set-point (°C) 20 21
Cooling set-point (°C) - 24

Therefore, most of the input parameters were selected according to
architectural master plan, Danish building regulations and authors’ as-
sumptions. Cooling demand was considered only for offices as cooling
systems are not typically installed in Danish residential buildings. In
office buildings, a natural cooling control strategy was adopted, allow-
ing high outdoor air flow rates to enter the building when favourable
outdoor conditions occur. Weather data of Copenhagen (Denmark) were
used for simulations. Fig. 3 shows the annual outdoor air temperature
distribution [38].

Fig. 4 shows the hourly demand profiles of the urban area. The
annual heating demand (space heating plus domestic hot water) of the
residential buildings is 2.72 GWh/y, which corresponds to a specific
heating demand of 28.6 kWh/m?y. The annual heating and cooling

500 1

400 1

300 -

200

Number of hours

100

-10 -5 0 5 10 15 20 25
Outdoor temperature [ ° C]

Fig. 3. Annual outdoor air temperature distribution for Copenhagen climate.

demands of the office buildings are 1.34 GWh/y and 0.3 GWh/y,
respectively, which correspond to 26.8 kWh/m? of specific heating de-
mand and 6 kWh/m? of specific cooling demand. Globally, the urban
area has a heating demand of 4.06 GWh/y and a cooling demand of 0.3
GWh/y. The overall ratio of heating to cooling demand is about 14.

2.1.2. Network topology

Fig. 5 illustrates the layout of the 5GDHC network considered in this
work. According to a classification of district thermal networks provided
by Refs. [6,39], this network topology is characterized by bidirectional
energy flow and directional fluid flow. The term bidirectional energy flow
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Fig. 5. Layout of the 5GDHC system. Substations for office buildings consist of a heat pump for space heating (HP-SH), a heat pump for domestic hot water (HP-
DHW) and a heat exchanger for direct cooling (HE-DC). Substations of residential buildings do not integrate the HE-DC, as no cooling is considered.

refers to the fact that the network can deliver both heating and cooling
simultaneously. This is due to the use of a supply water temperature of
15 °C. The term directional fluid flow means that the fluid direction in the
network is predefined using a centralized circulation pump.

The central plant consists of a limitless renewable source at 15 °C,
which can keep the supply water temperature in the network constant.
Such a renewable source can be, for example, a lake, ground water,
sewage water, or wastewater from industries or data centres.

The substations of office buildings consist of three main components:
a heat pump for space heating, a heat pump for domestic hot water and a
heat exchanger for direct cooling. As cooling of residential buildings was
not considered, the substations of residential buildings integrate only
the two heat pumps.

2.2. Heat distribution temperatures in buildings

To investigate the influence of heat distribution temperatures on the
energy performance of the 5SGDHC network, four different cases were
analyzed, namely high-temperature radiator (HT-R), mid-temperature
radiator (MT-R), low-temperature floor heating (LT-F) and room-
temperature beam (RT-B). Table 3 illustrates the design heat

Table 3
Heat distribution temperatures for the four cases (design conditions).

Case Heat distribution temperature at —10 °C
High-temperature radiator (HT-R) 70°C
Mid-temperature radiator (MT-R) 55°C
Low-temperature floor heating (LT-F) 35°C
Room-temperature beam (RT-B) 23°C

distribution temperatures assumed for each case. Note that the heat
distribution temperature corresponds to the temperature of the water
leaving the heat pump condenser, which is the water temperature
delivered to the building. The heat distribution temperatures are reset
based on the outdoor air temperature, as shown in Fig. 6.

The case RT-B refers to a novel HVAC system that integrates active
beams to provide heating with water distribution temperatures at 23 °C.
The technical feasibility of such a system has been previously demon-
strated through energy simulation analyses [40,41] and on-site moni-
toring [42]. Even though the applicability of the RT-B system has been
tested only for office buildings, in this study, it is assumed that such a
system could be installed also in residential buildings.
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2.3. Detailed dynamic model

The detailed dynamic model of the 5GDHC network was developed
using the Modelica language, and it describes the thermal and hydraulic
dynamics of the network. Modelica is a freely available, object-oriented
and equation-based language for modeling physical systems and con-
trols [43], and it has already been successfully applied in the dynamic
modeling of district thermal networks [12,24,44-46]. Component
models from the Modelica Buildings Library version 8.0.0 [47] were
used in this work. Simulations were run using Dymola 2022 on Windows
with the DASSL solver and a tolerance of 1E-6. All simulations were run
for a one-year period. Fig. 7 illustrates the Modelica diagram view of the
district network.

To reduce the modeling and simulation effort, the 281 building units
were aggregated into 5 building clusters. Fig. 8 shows the spatial dis-
tribution of the building clusters, together with the piping route and the
annual heating and cooling energy demand.

The next few sections describe the physical assumptions made for the
main component models.
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Fig. 8. Spatial distribution of building clusters.

2.3.1. Heat pumps and heat exchanger for cooling

Heat pumps were modelled using the model Carnot TCon. This model
tracks the set point of the water temperature leaving the condenser (heat
distribution temperature) using an idealized internal control. The COP
of the heat pump model is computed as

Tczm

COP=n €h)

)
con Teva

where 7 = 0.4 is the Carnot effectiveness of the heat pump construction,
Teon is the condenser temperature and T, is the evaporator tempera-
ture. To avoid violating the second law of thermodynamics, the model
assumes the evaporator and condenser temperatures to be equal to the
water outlet temperatures. Pinch temperatures of 2 K at design condi-
tions were considered in this model to account for temperature differ-
ence between refrigeration and working fluid. For off-design conditions,
these pinch temperatures are scaled proportionally to the ratio of actual
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Fig. 7. Modelica diagram view of the district network.
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heat flow rate at the condenser (or evaporator) divided by the nominal
heat flow rate at the condenser (or evaporator). Based on the input
hourly demand profile and the calculated COP, the model computes the
water mass flow rate that needs to be drawn from the district network to
satisfy a temperature difference of 4 K of the working fluid (design
assumption).

Space cooling is provided using a heat exchanger that calculates the
required water flow rate from the network in the amount of

m= & , @)

c, AT
Where Qg is the space cooling demand, ¢p is the specific heat capacity of
water and AT is the temperature difference on the network side (4 K).
The cooling system operates with supply water temperatures of 20 °C
(building side). A pressure drop of 50 kPa at design flow rate was
assumed in both heat pumps and heat exchangers.

2.3.2. Plant

The plant was modelled using the model PrescribedOutlet. This model
sets the temperature of the outlet water to a given value. In this case, an
outlet set-point temperature of 15 °C was assumed. Therefore, the plant
is considered as an unlimited source of energy at 15 °C, which can cover
the entire heating and cooling demands imposed by the network. A
pressure drop of 50 kPa at design flow rate was assumed in the plant.

2.3.3. Network pipes

The network piping was modelled using the model PressureDrop. This
model computes the flow resistance using a fixed flow coefficient which
is calculated based on a user-defined pressure drop at a user-defined
design flow rate. For lower flow rates, e.g. during summer operation,
these values are reduced, as the simulation model computes flow friction
as a function of the flow rate.

The sizing of network pipes was carried out by assuming a pressure
drop per pipe length of 200 Pa/m at design mass flow rate. The design
mass flow rate of each pipe segment was calculated as the required mass
flow rate to satisfy the respective peak heating (or cooling) load with a
temperature difference of 4 K between inlet and outlet, assuming a
default COP of 3. This value was selected only for sizing purposes, and it
corresponds to a generic heating system with distribution temperatures
of 55 °C. The resulting pipe diameters varied between 0.13 m and 0.24 m
within the network.

2.3.4. Ground model

The heat transfer between the water in the pipes and the ground was
modelled as shown in Fig. 9. This model represents a radial, one-
dimensional discretization of the transient heat conduction equation:

oT T 10T
p‘(E):k(WﬁE)’ 3)

where p = 540 kg/m? is the density, c = 1210 J/kg K is the specific heat
capacity, k = 2.8 W/mK is the heat conductivity, and T is the temper-
ature at location r and time t and. To spatially discretize the heat
equation, the ground was divided into compartments (finite volumes),
consisting of thermal capacitances connected through thermal
resistances.

The undisturbed ground temperature boundary condition T, was set
at 0.5 m distance from the pipe, and its value was pre-calculated ac-
cording to a formula as a function of the time of the year and the depth
below the ground surface [48]. The yearly profile of Ty is illustrated in
Fig. 10a. The pipes were uninsulated and located at 1 m underground.
Heat exchange between supply and return pipes was ignored.

2.3.5. Circulation pump
The purpose of the central pumping unit is to ensure the necessary
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ground

Fig. 9. Ground model.

water flow in the network. The circulation pump was modelled using the
model FlowControlled m flow. This model is capable of providing the
required mass flow rate at any time by overcoming the corresponding
pressure loss. The electric power required is determined by the hydraulic
efficiency and the motor efficiency and it is computed as

VAp

Pele = 3
Mot Nhyd

4

where V is the volumetric flow rate, AP is the pressure drop, 7 ot is the
motor efficiency and 7 nyq is the hydraulic efficiency. A constant value of
0.7 was assumed for both the motor efficiency and the hydraulic effi-
ciency. Note that to simplify the modeling and simulation, the central
circulation pump was represented by decentralized pumps in each
substation, which replace valves. This modeling simplification has a
negligible effect on the simulation results investigated in this article.

3. Results
3.1. Network water temperatures, flow rates and COPs

The water temperature in the network depends on several factors,
including the actual flow rates, the heat transfer through the ground,
and the location in the network. Fig. 10a shows the supply water tem-
perature, the return water temperature and the ground temperature
calculated by the annual simulation performed by the model. The supply
and return water temperatures are evaluated as the temperature leaving
and entering the central plant node, respectively. The supply tempera-
ture is constant at 15 °C all year round, as it is assumed that the plant is
an unlimited source of energy at 15 °C. The return water temperature
varies between 7 and 19 °C. In winter, the return temperature is lower
than the supply temperature, indicating a prevalence of heating de-
mand. The average network temperature is higher than the ground
temperature, causing heat transfer from the network to the ground,
which is considered a heat loss. In summer, the network has a prevalent
cooling demand, as the return temperature is higher than the supply
temperature. The ground temperature is mostly higher than the network
temperature. Therefore, heat transfers from the ground to the network,
which is not desired during times of cooling. Note that, for graphical
readability, only the return water temperature profile of the case LT-F is
plotted in Fig. 10a. It is interesting to note that the maximum difference
between the return temperature of the four cases is 0.2 K.
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Fig. 10. Supply, return and ground temperature in the network (a), mass flow rate flowing through the central plant (b).

Fig. 10b shows the flow rate through the central plant for the four
cases. In winter, it is noticed that the lower the heat distribution tem-
peratures in the buildings, the higher is the required mass flow rate in
the network. This is due to the fact that low temperatures in the heat
distribution building system lead to high COP of the heat pump, which
causes the removal of a higher amount of heat at the evaporator
(network side).

This aspect can be described in more detail using the p-h diagram of a
refrigerant under different operating conditions, as shown in Fig. 11.
While assuming a constant heat exchange at the condenser (hs-h4 = hg-
hy4), areduction of the heat distribution temperature (temperature at the
condenser) leads to a higher heat exchange at the evaporator (hp-h;->ho-
hy). Since the temperature difference between inlet and outlet is fixed at
4 K, the network is required to deliver a higher mass flow rate to satisfy
the heating demand. In summer, there is no difference between the four
cases, as only the heat pumps for DHW operate.

Table 4 shows the seasonal COP values of the heat pumps for space
heating along the five clusters. As expected, the highest COPs are ob-
tained for the RT-B case, where they vary between 9.12 (Cluster A) and
8.68 (Cluster E). The HT-R case presents the lowest COPs, which vary
between 3.13 (Cluster A) and 3.04 (Cluster E). The small differences in
the COP values along the network (i.e., among the different clusters) are
due to heat transfer between the fluid and the ground, which mostly
affects Cluster E, as this is the farthest substation from the central plant.
The decrease of the COP from Cluster A to Cluster E illustrates the above
mentioned effect: the heat transfer from the network to the ground in
winter is a loss and decreases the energy efficiency.

—— HT-R conditions
—=-- RT-B conditions

Pressure [bar]
5

100 T T —
300 400

Specific enthalpy [k)/kg]

T
200 500

Fig. 11. P-h diagram of heat pump cycle.

Table 4
Seasonal COP values for the four cases in correspondence of the five building
clusters.

Cluster A Cluster B Cluster C Cluster D Cluster E
RT-B 9.12 9.01 8.92 8.77 8.68
LT-F 5.99 5.9 5.86 5.8 5.76
MT-R 3.9 3.86 3.82 3.8 3.77
HT-R 3.13 3.08 3.07 3.06 3.04

3.2. Electricity use of heat pumps and circulation pumps

The main evaluation indicator for the comparison of the energy
performance among the four cases is the electric annual energy use of
the heat pumps and the circulation pumps (Fig. 12a).

The annual electric energy used by the heat pumps (normalized by
the total floor area) is 10.4 kWh/m? in the HT-R case, 9.2 kWh/m? in the
MT-R case, 7.5 kWh/m? in the LT-F case, and 6.2 kWh/m? GWh in the
RT-B case. Reducing the distribution temperatures of the building
heating system from 70 °C (HT-R) to 23 °C (RT-B) leads to around 40%
annual electric energy savings for the operation of the heat pumps.

The annual electric energy used by the circulation pump is 0.16
kWh/m? in the HT-R case, 0.2 kWh/m? in the MT-R case, 0.26 kWh,/m?
in the LT-F case and 0.3 kWh/m? in the RT-B case. The circulation pump
energy use is thus between 1% and 5% of the total electric energy use.
This is in agreement with the 2.5% found in the case study for the
ground-water-based thermal network in Ref. [28]. In relation to the total
thermal energy demand (4.36 GWh/y), the circulation pump electric
energy use is between 0.5% and 0.8%.

The results indicate that using heat distribution temperatures of
23 °C leads to electric energy use for the circulation pump that is almost
double compared to the HT-R case. This behaviour reflects the findings
illustrated in Fig. 10b, where it is shown that low heat distribution
temperatures in the building system — and hence low temperature lifts
over the heat pump - lead to high mass flow rates in the network. The
reason for this effect is that exergy required, i.e., electricity for the
compressor, is lower the smaller the temperature lift. In summary, to
provide equal energy at the condenser, more energy is required from the
evaporator if the temperature lift is low.

Globally, the total annual electric energy use for heating and cooling
is 10.6 kWh/m? in the HT-R case, 9.4 kWh/m? in the MT-R, 7.8 kWh/m>
in the LT-F case, and 6.5 kWh/m? in the RT-B case. Electric energy
savings of around 39% were obtained for the RT-B case in comparison to
the HT-R case.

The seasonal dynamic variation of the electric energy use for heat
pumps is illustrated in Fig. 12b. As expected, the results show a pattern
with large electric energy use in winter, represented by a steep slope of
the curves. In summer, the curves illustrate a smoother slope, as the heat
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Fig. 12. Electric energy use (values are normalized by the total floor area). a) Annual electric energy use for heat pumps and circulation pumps. b) Cumulative
electric energy use for heat pumps. Note that the cumulative energy use profile of DHW is equal in all four cases. ¢) Cumulative energy use for circulation pumps.

pumps for space heating are not operating.

Fig. 12c shows the dynamic variation of the electric energy use for
the circulation pumps. Similarly, large electric energy use is noticed
during winter. As the cold season ends, the curves show a gradual slope,
indicating that the network circulates water only for domestic hot water
and cooling.

4. Limitations

Limitations of this study mainly refer to the modeling assumptions. A
constant domestic hot water profile was considered for all building ty-
pologies. This assumption neglects the daily peaks in single consumers.
The average and constant demand over the entire network considers the
large variety of users’ behaviour in utilizing domestic hot water, hence
smoothening the load profile of DHW.

Regarding space heating demand, uniform assumptions of user
behaviour were made. In reality, inhabitants will set different room
temperature set-points, ventilation schemes, etc.

The central plant was considered as an unlimited source of heat/
cold, which can cover the entire heating and cooling demands in the
network and impose a constant supply water temperature of 15 °C. In
reality, central plants are limited in size, and the supply water temper-
ature in 5GDHC networks is typically floating around a design value.

Another limitation refers to the ground modeling. Even though the
ground surrounding the pipes was modelled in more detail than in other
studies, as the thermal inertia was considered by using dynamic heat
conduction and storage with a finite difference approach, a more com-
plex modeling approach may be required to accurately analyze the heat
exchange between the pipes and the ground.

Finally, thermal loads for space heating, domestic hot water and
space cooling were included in the model as time series. This is a com-
mon approach in district energy simulation studies, but decoupling the
network from the buildings implies that the bidirectional dynamic
interaction between supply and demand is ignored.

5. Discussion
5.1. Pipe sizing

Circulation pump energy is highly sensitive to the diameter of the
piping network. By using larger pipe diameters than the design values,

the circulation pump energy can be reduced. However, increasing the
diameter also increases the costs, consisting of piping, trenching and
installation. Typically, in conventional district heating networks (i.e. not
equipped with heat pumps in the substations) the pipe diameters are
designed starting from the peak heating demand of the buildings in each
piping branch. In 5GDHC systems, this heating demand is represented by
the condenser heat flow rate, which, however, may not be used for pipe
sizing. The relevant design parameter in 5GDHC systems is in fact the
evaporator heat flow rate of the substation’s heat pumps, which depends
on the COP. This means that a proper pipe sizing design of 5GDHC
systems should take into consideration which heat distribution systems
are installed in the buildings, and which COPs are achieved by the heat
pumps at design temperature lifts. However, this information may not be
available at the early design stages, and therefore, average COP values
may need to be used. In the present study, as mentioned in section 2.3.4,
a default COP value of 3 was considered in all four cases.

If details about heat pumps operation are available, the design load
of the distribution network in each pipe segment i may be calculated as

. . 1 .
es.load,i — i\ l=5—— ) + max il 1—
Qies toadi = Conw, ( COPHP.DHW) |:QSH, (
5

where Qsm is the design load for space heating in pipe segment i, Qpzy ;

is the design load for domestic hot water in pipe segment i, QSC,i is the
design load for space cooling, COPyp sy is the design COP of heat pumps
for space heating and COPyp prw is the design COP of heat pumps for
DHW. Equation (5) assumes that the design load for domestic hot water
is equal in winter and summer, and that the design loads for space
heating and space cooling do not coincide in time. To reduce first costs,
the design load should consider diversity, and it may not be at peak
condition but rather at some annual cumulative frequency of occurrence
[49].

Table 5 shows the pipe dimensions when applying this design
methodology to the Kgge Nord case study. The use of low heat distri-
bution temperatures in buildings require larger pipe diameters to keep
the pressure drops in the circuit within the design values. On the other
hand, smaller pipes are typically sufficient when buildings are equipped
with high-temperature heat distribution systems. Note that the pipe
diameter of the segment Plant-A is equal for all four cases. This is due to
the fact that the design load in this segment is done with respect to the
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Table 5

Pipe segment diameter [m]. The column “default” shows the pipe diameters
used for the simulations previously presented, where the pipe dimensions were
kept constant among the four cases.

Default (COP = 3) RT-B LT-F MT-R HT-R
Plant - A 0.24 0.24 0.24 0.24 0.24
A-B 0.19 0.2 0.18 0.18 0.17
B-C 0.17 0.19 0.18 0.17 0.16
C-D 0.15 0.17 0.16 0.15 0.14
D-E 0.13 0.14 0.14 0.12 0.12

cooling demand.

5.2. Generalizability of findings

In this paper, the influence of heat distribution temperatures on the
energy performance of 5GDHC systems was carried out for a specific
case study located in Denmark using detailed dynamic models in Mod-
elica. To extend the results obtained from this analysis to other cases, a
simplified one-equation mathematical model is proposed. The model
concept is based on a lumped parameter approach where all network
users are considered as a single aggregated annual load. Under steady-
state conditions, the annual electric energy use for space heating in a
5GDHC system as shown in Fig. 5 can be calculated as

Ost

—_— 6
COPavg,SH ’ ( )

Eel,HP =

where Qg is the annual heating demand for space heating and, COP,yg,
sy is the average COP of heat pumps. By substituting equation (1) into
equation (6):

1 Teva
Eel,HP = QSH (7 - 7) El (7)
n n'Tz‘on,SH

where 7 is the Carnot effectiveness of the heat pumps, T, is the evap-
oration temperature and T, s is the temperature at the condenser of
the heat pump for space heating, The values of condenser and evapo-
rator temperatures should take into consideration pinch temperatures.

The electric energy savings achievable by lowering the temperature
in the heat distribution systems can be calculated and directly visualized
by considering equation (7) with Tcon sy as the independent variable,
and comparing it with the reference case of a 5GDHC system that has a
space heating distribution temperature of 70 °C, as follows

(1
Serp =100 177T"> , (8

( _ T )
273.15+72

Fig. 13 illustrates the function represented by equation (8) for a
typical case with source temperature Teyy = 9 °C. Note that an evapo-
rator temperature of 9 °C corresponds to 15 °C distribution network
temperature and 4 K temperature difference over the evaporator with 2
K of pinch temperature.

An interesting aspect is that, despite the function having a hyperbolic
form, in the region of interest it assumes a nearly linear behaviour. This
trend enables to draw a linear function as:

Serip = — 1.53-T¢op 55 + 108 (C)]

which shows that about 1.5% of electric energy savings can be achieved
for each temperature degree reduction in the heat distribution system.

Fig. 13 and equation (9) show electric energy savings compared to a
70 °C design temperature. However, for low-temperature heating sys-
tems, the sensitivity is higher. If the 72 °C condenser temperature in (8)
were to be replaced by a 37 °C condenser temperature, then each de-
viation by 1 K leads to a change in electricity consumption of 3%. Thus,

Energy 275 (2023) 127457

—— Simplified model
Simplified model (linear approximation)
X 801 ® Modelica model
(]
[e)]
£ ]
o 60
w
>
2 )
2
S 40 -
-
5
o
& 201
0 : r . . :
20 30 40 50 60 70

Temperature of heat distribution system [ °C]

Fig. 13. Electric energy savings as a function of heat distribution temperature.

this highlights the critical importance of proper design, thermal inte-
gration, and control of low-temperature heat pump systems.

In view of this sensitivity, it is remarkable that many jurisdictions
have ambitious plans to deploy heat pumps, yet they lack energy codes
or other strategies that keep their heating supply temperature low in the
future. For example, in Denmark, heating supply temperatures are not
regulated in the building code [50]. In California, the building energy
standard only regulates maximum return temperature, but has no
regulation regarding the supply temperature [51] and US states gener-
ally have no regulations regarding the supply or return water temper-
atures. In Switzerland, supply temperatures are regulated in the
Mustervorschriften der Kantone im Energiebereich (MuKEN) [52], and
discussed in Refs. [53,54].

Fig. 13 also depicts the values obtained with Modelica models. It is
noticed that the total annual electric energy savings can be predicted
with quite a good accuracy by the simplified model, especially for sys-
tems with high heat distribution temperatures. Such simple analyses
could be useful for early-stage design of 5GDHC systems, where rough
estimations and comparisons among different design scenarios are of
interest.

Nevertheless, detailed energy modeling and simulation techniques
become necessary in advanced stages of the design process, where local
values of operating parameters need to be calculated and carefully
analyzed, or if the risk of using the simplified method is too high in view
of the design and associated investment decisions. For example, in
5GDHC systems, a critical operating parameter is the water temperature

18
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Fig. 14. Water temperature entering the substation in cluster E (case LT-F).
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entering the substation, which must be lower than a certain value in
order to enable direct cooling (i.e. via a heat exchanger). As shown in
Fig. 14, in summer, the water temperature entering the substation of
Cluster E is at 16 °C, which is higher than the water temperature sup-
plied by the plant. This is due to heat transfer with the ground. In the
specific case of Kgge Nord, no cooling was needed in Cluster E, but in
other cases, depending on the specific cooling system installed in the
building, such temperature may not be sufficient for compressor-less
cooling.

6. Conclusions

In this article, the energy performance and sizing criteria of 5GDHC
networks were analyzed as a function of the heat distribution temper-
ature in the building systems connected to the district network. A
5GDHC energy simulation model was developed in Modelica, and
electric energy consumptions were calculated for four different building
heating systems, with temperatures varying between 70 °C and 23 °C.
Simulations were carried out for a case study located in Denmark.

Results showed that the use of low heat distribution temperatures in
building systems has two opposite effects on the electric energy con-
sumption of S5GDHC systems. On the one hand, decentralized heat
pumps operate with higher COPs, with a consequent reduction of the
electric energy consumption for the compressors. On the other hand, a
higher amount of heat flow rate is required by the heat pump evapo-
rator, leading to higher water mass flow rates in the network, with a
consequent increase in electric energy consumption for the circulation
pumps.

Globally, since the electric energy consumption for circulation
pumps represents a small fraction of the total energy consumption, the
overall effect results in a reduction of electric energy consumption. In
particular, using heat distribution temperatures in building systems of
23 °C leads to around 39% annual total electric energy savings
compared to the case with heat distribution temperatures of 70 °C.

In terms of sizing, the higher water mass flow rates required for
building systems with low heat distribution temperatures suggest using
larger pipes to keep the pressure drop within the same design values.

The paper also proposed a simplified one-equation model to estimate
the electric energy savings achievable by lowering the temperature in
the building heating systems connected to 5GDHC networks. It is found
that each temperature degree reduction in the heat distribution system
leads to about 1.5% electric energy savings in comparison to the refer-
ence case at 70 °C. If the reference temperature is 35 °C, then 3% electric
savings would be achieved with every K reduction in heating supply
temperature.

In conclusion, this work highlights the importance of a holistic sys-
tem design for the SGDHC technology, where building heat distribution
systems and district network are intertwined and affect each other’s
operation and performance.
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