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In Chapter 5, the results are presented and discussed. In Chapter 6 a sensitivity analysis is
performed and the influence on the results is discussed. In Chapter 7, a general conclusion
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ABSTRACT

This study investigates the influence of the supply
temperature on the primary energy use and energy
efficiency of a district heating network supplied by
a central heat pump, taking into account the need
for booster heat pumps or booster electric heaters.
The simulations consider network supply temperatures
ranging from 10 °C to 75 °C and distinguish between
refurbished and non-refurbished buildings. The sim-
ulation of the network is performed using the IDEAS
and Buildings libraries in Dymola (Modelica). This
study shows that lowering the supply temperature to
45°/55°C for non-refurbished buildings and to 45°C for
refurbished buildings in combination with a booster
heat pump results in the lowest total primary energy
use. In the case of refurbished buildings, the trade-
off between a network at 55°C without booster and a
network at 10°C with individual heat pumps is highly
sensitive to the performance of the central heat pump.
Implementing measures to decrease the temperature
needed for space heating offers significant benefits, as
it can improve the overall energy efficiency from 291%
to 449%.

INTRODUCTION

The use of fossil fuels for heating in buildings ac-
counted for 35% of energy-related greenhouse gas emis-
sions in Europe in 2020 [1], highlighting the need for
significant improvements in energy efficiency and use.
To achieve a fully decarbonized energy system by 2050,
Heat Roadmap Europe targets an increase in district
heating (DH) up to 50% of the total heating and cool-
ing demand in Europe [2]. District heating networks
consist of a number of buildings or consumers, which
are heated by a network of pipes. The main advantage
compared to conventional, individual heating tech-

NOMENCLATURE
D [m] Diameter pipe
DH District heating
DHW Domestic hot water
E [MWh] Electric energy
f -] Darcy friction factor
HP Heat pump
1 [m] Length pipe
LTDH Low temperature district heating
m kg/s] Mass flow rate
p [Pa] pressure
Q [MWh] Thermal energy
COP Coefficient of performance
SH Space heating
T [K] or [°C] Temperature
ULTDH Ultra low temperature district heating
Special characters
n -] Efficiency
p [kg/m3] Density

nologies is the possibility to decarbonize the heat-
ing system by integrating renewable energy sources,
geothermal energy and waste heat [3].

DH can be categorized into multiple generations
based on the operating temperature range. The first
three generations utilized steel pipes to provide steam
or pressurized water above 70 °C [3, 4]. Although
high network supply temperatures are suitable for high
temperature radiators and domestic hot water (DHW)
preparation, they suffer from low energy efficiency and
substantial heat losses [3]. Currently, there is a trend
towards reducing the network supply temperature to
minimize heat losses, enable the use of pre-insulated
(twin) pipes, and integrate renewable energy sources.
This approach is referred to as the fourth generation of
district heating networks, with a distinction made be-
tween low temperature district heating (LTDH) with
supply temperatures of 50-70 °C and ultra-low tem-
perature district heating (ULTDH) operating at tem-



peratures below 50 °C [5]. However, the use of low
temperature district heating networks presents some
challenges. To prevent the proliferation of legionella
in DHW, the DH supply temperature must be raised
above 55 °C with the aid of a supplementary booster
unit when water is stored locally [5]. Another limita-
tion of DH at low temperatures is its limited applica-
tion potential in old buildings, where high supply tem-
peratures are required for space heating (SH). Given
that 75% of buildings in the EU are not energy efficient
and only 1% of the building stock is renovated every
year [6], hybrid solutions and appropriate temperature
regimes are necessary.

Several studies have examined the effects of de-
creasing the DH supply temperature on energy effi-
ciency and the importance of booster units such as
heat pumps (HPs) and electric heaters.

Kofinger et al. [7] described economically and eco-
logically optimized concepts for LTDH in four case
studies in Austria. The authors conclude that a couple
of technical solutions are feasible, including tempera-
ture boosting using electric heaters or booster HPs,
but LTDH implies higher investment cost on the de-
mand side and the economic performance of LTDH
mainly depends on availability and prices of the heat
source. The researchers also state that optimum de-
sign and opertional strategies highly depend on the
local conditions and can not be solved in a general-
ized way. Ommen et al. [8] investigated the effect of
changing the DH temperature in terms of total heat
cost for the consumers, carbon emissions and primary
fuel consumption. Based on the results, the authors
recommended “the use of 65-70 °C as the optimal for-
ward temperature for DH networks, since lower tem-
peratures require high investment, among others DH
booster HP units in each dwelling”. Yang and Svend-
sen [9] investigated the actual performance of a case of
ULTDH in Denmark containing a central heat pump
and local boosters and compared the performance to
medium and low temperature DH supplied by a CHP
plant and central heat pump respectively. It seems to
be viable to meet the heat demand with supply tem-
perature of 47°C most of the year. Both ULTDH (47°C
and LTDH (55/25°C) show lower heat losses compared
to medium temperature DH (70°C/40°C).

Depending on the network supply temperature and
the state of the building, a booster unit is required for
DHW preparation and/or SH. Zvingilaite et al. [10]
analysed the feasibility of a micro heat pump for DHW
in LTDH (40°C) and compared the thermodynamic
and economic performance of HPs with electric heat-
ing. From cost perspective, HP use is not the most
beneficial concept under stated technology and energy
prices, but the electricity consumption is reduced by
more than six times. The cost feasibility is thus highly
dependent on the on the electricity prices, compared to
the prices of the district heat. @stergaard and Ander-
sen [11] investigated the optimal use of HPs in DH sys-
tems with heating based on electricity. The researchers

compared two alternatives of DH with a central HP,
with and without a booster HP. Results show that the
primary energy demand is lower using booster HPs
compared to individual boilers, individual HPs or DH
without boosting. Yang et al. [12] studied the perfor-
mance of five different configurations of boosting units
in single-family houses supplied with ULTDH. Electric
heaters combined with heat exchangers showed better
energetic and economical performances compared to
heat pumps, which have a higher set-point tempera-
ture due to the storage of DHW.

Previous studies have shown that the optimal DH

supply temperatures and technologies are heavily
influenced by local conditions, making it difficult to
draw general conclusions. In a DH network powered
by a central heat pump, the supply temperature af-
fects not only the end user’s energy use and heat losses
but also the performance of the central heat source.
Some studies have explored the use of DH networks
with a central heat pump as the heat source, but only
in combination with buildings where the temperature
requirement for DHW is the primary factor limiting
the reduction of the supply temperature.
However, this particular study takes into account a
DH network in an urban neighbourhood comprising
non-refurbished and refurbished buildings, which is
a common scenario. In non-refurbished buildings,
the supply temperature for radiators imposes a
lower limit on the network’s supply temperature.
As a result, the temperature at which a booster
unit becomes necessary is elevated. Therefore, this
study aims to investigate the influence of the supply
temperature and booster unit on the performance of
the central heat pump and the overall network for
both refurbished and non-refurbished buildings. A
network in Ghent, which is part of a pilot project, is
used as a case study.

METHODOLOGY

Case description

This study investigates the influence of the supply tem-
perature in a DH network in Ghent, which is sup-
plied by a central heat pump. The network consists of
35 houses and provides heat for both SH and DHW.
The network is located alongside a football field, un-
der which geothermal energy is extracted. Besides the
energy use of the end-user, also the energy use the
central heat pump and the circulation pumps are eval-
uated with varying supply temperature. Supply tem-
peratures, ranging from 10 °C to 75 °C, are compared
in terms of primary energy use and energy efficiency.
The simulations are performed using the IDEAS and
Buildings libraries in Dymola (Modelica).

The investigated scenarios are displayed in Table
1. Four scenarios with non-refurbished buildings and
four with refurbished buildings are included. In non-



Table 1: Investigated scenarios.

State of the Network Booster technology Booster technology usage
building temperature Heat pump  Electric heater ~ Domestic hot water  Space heating
1 Non-refurbished 75 °C
2 Non-refurbished 55 °C X X
3 Non-refurbished 55 °C X X
4 Non-refurbished 45 °C X X X
5 Refurbished 55 °C
6 Refurbished 45 °C X X
7 Refurbished 45 °C X X
8 Refurbished 10 °C X X X
DH Supply .. District heating network
65°C 4500 The central heat pump is a water source heat pump
R — A PDHW and connected to the geothermal boreholes which pro-
5 et vide a constant water flow rate at 10 °C [15]. The
E exchanger network forms a ring topology of 315 m with 35 con-
10°C Coldtap nection points. The pressure of the piping network is
Booster HP Control —<—

water
valves

DH Return

Figure 1: Schematic overview of scenario 2.
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Figure 2: Schematic overview of scenario 3.

refurbished buildings a radiator supply temperature of
65 °C is assumed, while in refurbished buildings with
underfloor heating 35 °C is sufficient [13]. DHW tem-
perature of 45 °C meets the requirements for DHW use
in the kitchen and bathroom [14].

Scenario 1 and 5 do not require a booster unit and ex-
change heat from the district heating network using a
heat exchanger. All other scenarios require a booster
HP or booster electric heater for SH, DHW or both.
In scenarios with a booster HP, the evaporator side is
connected to the DH network and the condenser side
to the substation as shown in the schematic of scenario
2 (Figure 1). In scenarios with an electric heater, the
water in the substation is preheated by the DH net-
work via a heat exchanger, and further heated with a
resistive electric heater as shown in the schematic of
scenario 3 (Figure 2).

set to 6 bar, according to the operating pressure of pre-
insulated Flexstar UNO pipes for district heating [16].
The pressure drop in the piping network is determined
using the Darcy — Weisbach equation:

SLfi?
- D3pn?2

Ap 1)
Where Ap is the pressure loss in the pipe [Pa], [ is the
length of the pipe [m], f is the Darcy friction factor,
mh is the mass flow rate through the pipe [kg/s|, D is
the diameter of the pipe [m] and p is the density of the
passing fluid [kg/m3|. The pressure over a substation
is assumed to be 0.5 bar [17]. Pipe dimensions are
chosen such that the pressure drop in the pipes with
maximum mass flow rate is limited to 300 Pa/m [18].
Heat losses are calculated using the heat transfer co-
efficient provided by the manufacturer [16]. The soil
temperature is set to 10 °C at a pipe depth of 0.8 m.
The heat exchanger effectiveness is assumed to be 80%
[19].

The coefficient of performance of the central heat
pump is estimated by the formula presented in the
study of Jesper et al. [20] and shown in Equation 2.

COP =a (ATlift + 2b)c (2)

Where COP is the coefficient of performance [-],
ATy, 5 is the temperature difference [K] between evap-
orator inlet and condenser outlet temperature and a,
b and c are fit parameters. The fit parameters are
a = 1.4480 - 10'2, b = 88.730, ¢ = —4.9460. The lift
temperature can be calculated as the difference be-
tween the desired network temperature and the tem-
perature of the ground water.

Buildings and occupants

Five different categories of occupants are selected to
introduce variations in DHW consumption and heat-



Table 2: Annual SH demand before and after refurbishment and DHW consumption per occupant category.

Profile SH Demand before SH Demand after DHW
refurbishment refurbishment consumption
FTE, FTE, School, School 18.000 kWh 13.000 kWh 143 1/day
FTE, PTE, School 16.000 kWh 11.000 kWh 116 1/day
Retired, retired 17.000 kWh 12.000 kWh 89 1/day
FTE, FTE, School, Student 15.000 kWh 10.000 kWh 114 1/day
FTE, FTE 12.000 kWh 8.000 kWh 80 1/day

ing behaviour, and are included equally. The cate-
gories are shown in Table 2, where FTE = full time
employed, PTE = part time employed, School = chil-
dren living full time at home, Student = children living
only during the weekends at home, Retired = always
at home.

Space heating demand profiles are generated accord-
ing to the approach described in the BDEW guide-
line [21], using weather data of Ghent of 2019 [22].
Small variations are introduced in the demand profile
to avoid 100% simultaneity, based on the occupant’s
behaviour. An estimation of the annual heat demand
of the buildings is made based on the mean gas con-
sumption of a Belgian household (17.000 kWh/year)
[23] and a gas invoice of one of the selected buildings.
Table 2 provides an overview of the annual heat de-
mand before and after refurbishment, as used in the
simulations.

The required temperature for DHW in the kitchen
and bathroom is 45 °C [24]. In the simulations, the
setpoint temperature for DHW is 45 °C when heat
is directly exchanged and 55 °C when the water is
stored [25]. DHW profiles are generated with DHW-
calc from Universitit Kassel [26]. The mean draw-off
is estimated using the Event-based Residential Occu-
pant Behaviour (EROB) model [27].

The performance map of the booster heat pump is
provided by Daikin. The performance of the electric
heater is assumed to be 100%, as in Zvingilaite et al.
[10].

Modelling

The simulations are performed using the Modelica pro-
gramming language in Dymola. Besides the models
available in the Modelica Standard Library, IDEAS li-
brary and Building library, a new pipe model is used
to reduce simulation time. For the purpose of simulat-
ing a district heating network mass flow rate, pressure
drop and temperature are the most important parame-
ters. Therefore, a simple pipe model is created, taking
heat losses to the ambient and pressure losses into ac-
count. For each of the eight investigated scenarios, a
corresponding house model is built. Those house mod-
els are connected in a larger model which represents
the district heating network, including supply and re-
turn pipes, circulation pumps and a heat source.

RESULTS

In Figure 3, the total primary energy use is presented
for scenarios 1 to 4, which all concern non-refurbished
buildings. The annual total energy use is calculated
by summing the electric energy use of the circulation
pumps, all booster units and the central heat pump.
Scenario 2 (55°C, heat pump for SH) shows with 207.2
MWh/year the lowest total energy use of all inves-
tigated scenarios, followed by scenario 4 (45°C, heat
pump for SH and DHW) with 213.1 MWh/year. The
superior performance of the central heat pump and
booster heat pumps in these scenarios, as shown in
Table 3, accounts for this outcome. By reducing the
DH network temperature, the COP of the central heat
pump improves and heat losses in the network de-
crease, resulting in lower energy use compared to sce-
nario 1 (75°C, no booster), which has a total energy
use of 279.7 MWh/year. However, scenario 1 only ex-
hibits a 35% higher total energy use than scenario 2.
When investment cost for the end-user is a constraint,
scenario 1 could be a viable option. On the other hand,
in scenario 3 (55°C, electric heater for SH) with 535.4
MWh/year, the energy use is 2.6 times higher than in
scenario 2. The largest share of the heat production in
scenario 3 is performed by the electric heater, which
has a much lower performance than the central heat
pump or a booster heat pump. This causes the high
energy use of the booster electric heater compared to
the central heat pump and circulation pumps. The cir-
culation pumps in all scenarios contribute to less than
1% of the total energy use.

500 1 Decentralized booster

B Central heat pump
B Circulation pumps

400 -
300 A

200 A T

Total primary energy use, Er [MWh]

- - l
0 B
Scenario 1: Scenario 2: Scenario 3: Scenario 4:
75°C 55°C 55°C 45°C

Heat pump Electric heater Heat pump

Figure 3: Comparison of the total primary energy use
for scenarios 1 to 4 with non-refurbished buildings.



Table 3: Coefficient of performance of the booster
units and central heat pump.

Scenario 1 2 3 4 5 6 7 8
Booster unit - 12.7 1 6.6 - 771 3.2
Central HP 23 36 36 45 36 45 45 -

Figure 4 compares the total energy use of scenarios
5 to 8, which all concern refurbished buildings.
Among these scenarios, scenario 6 (45°C, heat pump
for DHW) shows the lowest total energy use with
96.7 MWh //year, followed by scenario 7 (45°C, electric
heater for DHW) with 123.3 MWh/year. In scenario
7, the network preheats the cold tap water, reducing
the share of heat generated by the electric heater.
This reduces the effect of the lower performance of
the electric heater compared to the booster heat
pump. The total energy use in scenario 7 is only 28%
higher than in scenario 6. If the end-user’s investment
cost is a limiting factor, an electric heater for DHW
preparation is certainly worth considering. Scenario 5
(55°C, no booster) with a supply temperature of 55°C
results in reduced performance of the central heat
pump and increased heat losses, leading to a higher
total energy use (with 130.8 MWh/year) compared
to scenarios 6 and 7 with a supply temperature of
45°C. Scenario 8 (10°C, heat pump for SH and DHW)
results in the highest total energy use with 138.3
MWh/year. It is remarkable that the reduction in
heat losses by lowering the network temperature to
10°C is counteracted by the booster heat pump’s lower
performance compared to the central heat pump in
the other scenarios.

200

— Bl Central heat pump
'é 1754 mmm Decentralized booster
= mmm Circulation pumps
5 150 1
w
& 1254
3>
>
2100 A
Q
<
[J]
> 751
g
T 501
Q
s
3

2 -
kS 5

o B
Scenario 5: Scenario 6: Scenario 7: Scenario 8:
55°C 45°C 45°C 10°C
Heat pump Electric heater Heat pump

Figure 4: Comparison of the total primary energy use
for scenarios 5 to 8 with refurbished buildings.

The total energy use is compared to the total useful
energy, which in this case refers to the thermal en-
ergy delivered for SH and DHW. This comparison is
expressed as the energy efficiency of the DH network.
The energy efficiency is defined by Equation 3.

400 A

300 A

200 A

Energy efficiency,niot [%]

100 A

Scen 1: Scen 2: Scen 3: Scen 4: Scen 5: Scen 6: Scen 7: Scen 8:
75°C 55°C 55°C 45°C 55°C 45°C 45°C 10°C
HP Elec heater HP HP Elec heater HP

Figure 5: Comparison of the total energy efficiency of
the DH network for scenarios 1 to 8.

- Qs + Qpaw _ Qs +Qpaw
¢ Epump + Ebooster + ECH Etot
(3)

Where 7, is the energy efficiency of the network [-],
Qsg and Qpgw are the thermal energy delivered for
SH and DHW [MWh], Epumps Evooster and Ecpy are
the electric energy used by the circulation pumps, the
booster units and the central heat pump [MWh], and
E,ot is the total used electric energy [MWh]. Figure
5 illustrates the overall system energy efficiency for
both non-refurbished buildings (scenarios 1 to 4) and
refurbished buildings (scenarios 5 to 8). The figure
clearly demonstrates that a DH network serving re-
furbished buildings results in higher energy efficiency
across all investigated scenarios. The most efficient
scenario among the refurbished buildings (scenario 6)
achieves an efficiency of 449%, whereas the most ef-
ficient scenario among the non-refurbished buildings
(scenario 2) achieves an efficiency of 291%. This in-
dicates that measures to reduces the temperature re-
quirements for SH are beneficial to increase the overall
energy efficiency of the network.

SENSITIVITY ANALYSIS

Table 4 presents the results of a sensitivity analysis on
the total primary energy use by varying the COP of
the central heat pump by +/-20% of its original value.
Observing the table, it is evident that the results of
scenarios 1 and 5 are most impacted by variation of
the COP of the central heat pump. This can be at-
tributed to the absence of booster units in these sce-
narios, making the central heat pump’s performance
relatively more influential. For non-refurbished build-
ings, the overall conclusion remains unchanged. How-
ever, in the case of refurbished buildings, the ranking
of scenarios 5, 7, and 8 is affected by variations in
the COP of the central heat pump, as can be seen in
Figure 6. When the COP of the central heat pump
decreases, scenario 8 remains unaffected as it does not



Table 4: Influence of variations of the COP of the
central heat pump on the total primary energy use.

Scenario 1 2 3 4 5 6 7 8

COP +20% -16.6% -13.1% -1.3% -11.0% -16.6% -15.3%  -13.5%

COP -20%  +24.9% +19.7% +1.9% 16.5% +24.8% +22.9% +20.3 %

160 - —— Scenario 5
Scenario 6
150 - —— Scneario 7

—— Scenario 8
140 -

130 A

1204

110 A

100 A

Total primary energy use [MWh]

90 1

80 1

0.80 0.85 090 0.95 1.00 1.05 1.10 1.15 1.20
Variation COP central heat pump [-]

Figure 6: Influence on total primary energy use with
a variation of +/-20% of the COP of the central heat

pump.

involve the use of a central heat pump, and it out-
performs scenarios 5 and 7. Nevertheless, scenario 6
remains the preferred scenario in terms of total energy
use.

CONCLUSION

The aim of this study was to investigate the total en-
ergy use and energy efficiency of a district heating net-
work with a central heat pump under different network
supply temperatures. The study is based on a planned
pilot project in Ghent, involving 35 residential build-
ings. Kight scenarios were investigated, considering
both non-refurbished and refurbished buildings, along
with booster heat pumps and booster electric heaters.
The findings for non-refurbished buildings demon-
strate that lowering the supply temperature to 55°C
and 45°C, along with the addition of a booster heat
pump, reduces heat losses and improves the perfor-
mance of the central heat pump, resulting in the lowest
total energy use and highest energy efficiency. How-
ever, when booster units are not used and the network
supply temperature is set at 75°C, the total energy use
is only 35% higher compared to the optimal scenario.
The scenario at 75 °C is worth considering when the
investment cost of booster heat pumps is high. The
use of electric heaters to increase the temperature for
space heating is found to be unfavourable, as it leads
to 2.6 times higher total energy use compared to using
a booster heat pump and almost twice as high as the
scenario without booster units.

For refurbished buildings, a supply temperature of
45°C with decentralized booster heat pumps demon-
strates the lowest energy use and highest energy effi-
ciency. The use of booster electric heaters results in
only a 28% increase in total energy use and may be
an economically viable alternative. The results for the
scenario with a supply temperature of 55°C (without
booster units) and the scenario with a supply tem-
perature of 10°C (with decentralized heat pumps) are
similar, as the heat losses at 55°C are counterbalanced
by the slightly higher performance of the central heat
pump compared to the decentralized heat pumps.

A sensitivity analysis shows that the coefficient of per-
formance of the central heat pump is a crucial param-
eter in the analysis of the scenarios with refurbished
buildings as it changes the ranking of the scenarios.
However, the optimal scenario remains unchanged.
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Chapter 1

Introduction

1.1 Setting the scene

In Europe, the use of fossil fuels for heating in buildings accounted for 35% of energy-related
greenhouse gas emissions in 2020 [1], highlighting the need for significant improvements in en-
ergy efficiency and use. To achieve a fully decarbonized energy system by 2050, Heat Roadmap
Europe targets an increase in district heating (DH) up to 50% of the total heating and cooling
demand in Europe compared to 12% in 2019 [2]. District heating networks consist of a number
of buildings or consumers, which are heated by a network of pipes. Possible heat sources for DH
networks include combined heat and power (CHP) plants, waste heat from industrial processes
or combustion of waste, geothermal heat, heat pumps and conventional boilers [3]. The required
heat can be delivered from centralized plants or distributed heat production units, which allows
any available heat source to be used. The main advantage compared to conventional, individual
heating technologies is the possibility to decarbonize the heating system by integrating renew-
able energy sources [4].

While district heating is not a new technology and has been employed in Eastern Europe
for over a century, intensive research over the past four decades has focused on harnessing the
potential of district heating as a sustainable heating solution [3]. Eastern European states have
more developed DH infrastructure, but Scandinavian countries have demonstrated higher effi-
ciency in heat production and better use of low-carbon heat sources [3]. Denmark, where two
third of the residential dwellings is connected to a district heating network, serves as the lead-
ing country in terms of heat planning strategies, energy efficiency and wide variety of technical
solutions and heat sources [5]. In Finland, district heating covered 45% of the space heating
demand in 2020 [6], while in Sweden, it accounted for 55% of the heat supply to buildings in
2014 [7]. These countries predominantly rely on biomass and heat recovery for their heat supply
[6, 7, 8]. On the other hand, Flanders has only 58 district heating networks with a total length
of 92 km, with a 34.1% share of renewable energy in heat production in 2019 [9]. The district
heating market in Flanders is still developing, providing an opportunity to increase the use of
renewable energy sources in the heating sector, thereby reducing COg-emissions and improving
energy efficiency.

In addition to biomass and waste heat, the use of large-scale heat pumps as central heat source
is expected to play a crucial role in future district heating networks [3]. One advantage of heat
pumps is their ability to integrate low-temperature heat from geothermal boreholes, treated
sewage water, and industrial excess heat into the district heating network [10]. By utilizing
low-temperature heat, a part of the heating demand for residential dwellings can be met by us-
ing heat which is otherwise lost. Sweden has already installed large-scale heat pumps since 1980
to absorb excess electricity from nuclear power plants and provide heat for DH [7]. Nowadays,

20



large-scale heat pumps can benefit from excess electricity generated by wind or solar farms [11].
This integration of heat pumps with renewable electricity sources enables the combination of
the electricity and thermal systems into a smart energy system [4].

1.2 Case description

The district of Muide-Meulestede in the city of Ghent has been selected as a pilot project for
achieving full decarbonization and electrification of the heating system by 2030 [12]. To reach
this target, multiple small-scale projects are being enrolled. One of these projects is the de-
sign and implementation of a DH network that utilizes a central heat pump as heat source, as
can be seen in Figure 1.1. The plan includes the installation of 30 geothermal boreholes, each
150 meters deep, located beneath and around an existing football field. These boreholes serve
as heat source for the central heat pump. The DH network will supply heat to a total of 35
private residential dwelling, meeting their space heating (SH) and domestic hot water (DHW)
requirements. The buildings in the area primarily date back to the 1950s and have undergone
varying degrees of refurbishment. In later stages of the project, the potential of integrating
solar photovoltaics on the surrounding buildings for supplying electricity to the central heat
pump, as well as the use of thermal storage, may be investigated.

The performance of the heat pump depends on the temperature difference between the heat
source (geothermal boreholes) and the heat sink (the DH network). A larger temperature dif-
ference leads to lower heat pump performance. Consequently, the supply temperature of the
DH network becomes a crucial design parameter with an important impact on overall energy
use and energy efficiency. To enhance the performance of the central heat pump, the supply
temperature can be reduced. However, this may necessitate the use of decentralized booster
units to increase the temperature locally. The following chapters of this study quantitatively
analyse and discuss the influence of the supply temperature on the DH network in Ghent.

In this research, a comparison of eight scenarios is conducted by modelling the network in
Dymola (Modelica). The influence of the supply temperature on the energy use and energy effi-
ciency is examined for the district heating network in Ghent, where a central heat pump is used
as heat source. The network is introduced briefly in Section 1.2. Chapter 2 provides an overview
of existing research related to similar district heating networks, the use of geothermal energy
for large-scale heat pumps, heat pumps in district heating systems, the integration of electric
heaters in district heating, and considerations regarding piping. In Chapter 3, the methodology
employed in this research is described, including the investigated scenarios and the parameters
used. Chapter 4, is devoted to the description of the models, used for the simulation of the
investigated scenarios. In Chapter 5, the results of the simulations are presented, compared
and discussed. A sensitivity analysis is conducted in Chapter 6. Finally, the research concludes
with Chapter 7, summarizing the findings of the study.
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Potential solar
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Residential dwellings,
connected to the DH
network

Figure 1.1: Overview of the district heating network in Ghent: the residential dwellings con-

nected to the network (red), the area for geothermal heat extraction (green), the potential for
the installation of solar photovoltaics (yellow).
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Chapter 2

Literature

2.1 District heating

District heating (DH) consists of a number of buildings or consumers, which are heated by
a network of pipes. The piping network contains supply and return pipes which deliver heat
for SH, DHW or process heat. Different heat sources can be used in one network including
fossil fuels, renewable energy sources (RES), thermal energy storage, HPs and a CHP plant
[13]. DH networks are developed to improve the energy efficiency and reduce environmental
impact compared to localized boilers by using a central heat production and by distributing to
final users [14]. The main advantage compared to conventional, individual heating technolo-
gies is the option to decarbonize the heating system by integrating renewable energy sources [3].

2.1.1 Evolution of district heating networks

DH can be classified in multiple generations, according to the operating temperature range.
Table 2.1 summarizes the features, improvements and drawbacks of the described generations.
The first generation district heating (1GDH) was introduced in the late 19" century and used
steam as a heat carrier. The introduction of a DH network offered an opportunity to replace
individual boilers, but also introduced the risk of steam explosions. These technologies are now
considered outdated, since the high temperature steam networks show a low energy efficiency
and substantial losses [4]. The second generation district heating (2GDH), emerging from 1930,
used pressurized water (>100°C) for fuel savings. This technology was dominant until 1970,
because of the reliable operation and high flexibility [4]. Introduced in the 1970s, the third
generation district heating (3GDH) emerged using pressurized water below 100°C for better
energy efficiency and security of supply, often in combination with CHP. The insulation cost
of the piping system lowered due to lower operating temperatures compared to 2GDH. Most
networks throughout the world still use 3GDH [14]. Figure 2.1 illustrates the tendencies towards
lower temperatures and increasing use of renewable energy resources.

2.1.2 Low temperature district heating networks
Fourth generation district heating networks

Fourth generation district heating (4GDH) is currently being developed and used in small scale
projects [3]. Operating temperatures are lowered to 30-70°C, decreasing the heat losses in the
network. Lowering the supply temperature may, on the other hand, increase the mass flow rates,
causing increased flow losses. However, Mazhar et al. [3] state that “Contrary to many previous
studies that argue that a lower primary temperature results in higher flow rates and pumping
expenses, the overall effect is positive, both in terms of power requirements of the auxiliary
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Figure 2.1: Evolution of district heating networks in four generations [4].

equipment and the heat losses”. In literature a distinction is made between low temperature
district heating (LTDH) with supply temperatures of 50-70°C and ultra-low temperature dis-
trict heating (ULTDH), operating at <50°C [14]. Lower operating temperatures decrease the
investment cost of piping insulation and reduces the pipeline thermal stress [13]. Twin pipes
can be introduced, in which the supply and return pipes are embedded in the same insulation
material. Low temperatures also offer the opportunity to introduce low grade RES — such as
solar or geothermal power — and the use of HPs. The integration of 4GDH in smart energy
systems — where gas, electricity and thermal power are combined and controlled — is currently
being investigated [4].

Challenges

The use of 4GDH also implies some challenges. An important drawback of 4GDH is the risk
of proliferation of legionella in DHW [14]. A supplementary booster unit must be provided to
elevate the temperature above 55°C [15]. Another restriction of DH at low temperatures is its
limited application in old building stock, where SH requires high supply temperatures. Space
heating with 4GDH is mainly done using floor heating or low-temperature radiators in new
or newly renovated building with a heat demand of <150kWH/m? [4]. Since most urban ar-
eas still have an old building stock, hybrid solutions or suitable temperature regimes are needed.
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Future district heating networks

A couple of papers have been published on fifth generation district heating and cooling (5GDHC),
but the concept is not defined clearly and differs from paper to paper [16]. Most often mentioned
characteristics of 5GDHC are the use of near ground temperature, the combination of heating
and cooling, the integration of local waste heat sources and the placement of heat pumps at the
end-users [16].

Independent of the used name or concept, there is a clear trend noticeable in the past research
into DH systems [3, 4]:

e Decreasing supply and return temperature, reducing heat losses and increasing energy
efficiency.

e Increasing use and integration of local RES, low-grade waste heat and decentralised sources
in order to decarbonise the heating system.

e Exploring the possible integration in smart energy systems.

2.1.3 Heat demand and temperature regimes

The main limitation of the use of LTDH is the high heat demand in old buildings. Currently
75% of the buildings in the EU are not energy efficient and every year only 1% of the building
stock is being renovated [17]. Also the rate of construction of new buildings is estimated to be
around 1-3% per year [18]. This means that 85-95% of the EU buildings is expected to be stand-
ing by 2050 [19]. In order to increase the energy performance of the European building stock,
the Energy Performance of Buildings Directive required that all new building were nearly-zero
energy by the end of 2020 and will be zero-emission by the end of 2030 [20]. Future urban areas
will therefore unavoidably consist of a mix of old, renovated and new buildings, having different
energy performances and heat demands.

Reduction of heat demand

The increase of energy efficiency and the reduction of heat demand focuses mainly on SH. In
buildings using floor heating, the supply temperature can be lowered to 35°C [21]. Measures
can be taken to lower the heat demand for SH, while the use of DHW stays relatively constant
and is primarily dependant on the number of residents [22]. In nearly zero-energy buildings
(NZEB), DHW can reach 40-50% of the total energy use [23], and will therefore play an im-
portant role in determining the most energy-efficient supply temperature. A NZEB is defined
by the European Commission as ‘a building that has a very high energy performance, while
the nearly zero or very low amount of energy required should be covered to a very significant
extent by energy from renewable sources, including energy from renewable sources produced
on-site or nearby’ [20]. In Flanders, a minimum temperature of 55°C is required to avoid the
proliferation of legionella, according to Agentschap zorg en gezondheid [24]. For storage sys-
tems of hot water, the temperature of the water needs to be heated above 55°C once a week [15].

Temperature regimes and boosting

Important reasons for lowering the supply temperature are the reduction of heat losses, integra-
tion of cost efficient RES, reduced piping insulation and cheaper materials for pipes and other
components [25]. Research has been done to investigate the impact of lowering the DH supply
temperature on energy efficiency and the role of boosting units such as HPs and electric heaters.
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In Table 2.2 an overview is given of previous studies on lowering the supply temperature in
DH networks. Kofinger et al. [25] described economically and ecologically optimized concepts
for LTDH in four case studies in Austria. The authors conclude that a couple of technical
solutions are feasible, including temperature boosting using electric heaters or booster HPs, but
LTDH implies higher investment cost on the demand side and the economic performance of
LTDH mainly depends on availability and prices of the heat source. The researchers also state
that optimum design and opertional strategies highly depend on the local conditions and can
not be solved in a generalized way. Ommen et al. [26] investigated the effect of changing the
DH temperature in terms of total heat cost for the consumers, carbon emissions and primary
fuel consumption. Based on the results, the authors recommended “the use of 65-70 °C as the
optimal forward temperature for DH networks, since lower temperatures require high invest-
ment, among others DH booster HP units in each dwelling”. Elmegaard et al. [27] compared
different concepts for SH and DHW in conventional DH and LTDH with both electric heating
and HPs. The authors’ calculations show that the decrease in heat loss in LTDH does not
compensate the electricity demand to cover the electricity consumption of the booster units.
Yang and Svendsen [28] investigated the actual performance of a case of ULTDH in Denmark
containing a central heat pump and local boosters and compared the performance to medium
and low temperature DH supplied by a CHP plant and central heat pump respectively. It seems
to be viable to meet the heat demand with supply temperature of 47°C most of the year. Both
ULTDH (47°C) and LTDH (55/25°C) show lower heat losses compared to medium temperature
DH (70°C/40°C).

Table 2.2: Previous studies on lowering the supply temperature in DH networks.

Reference Tsupply Central heat source Booster unit

Return pipe high

Kofinger et al. [25] 49°C - 58°C temperature DH / HP

Electric heater / HP

Ommen et al. [26] 40°C - 110°C CHP / HP Booster HP
Elmegaard et al. [27] 45°C - 80°C~ CHP Electric heater/ HP
47°C HP Electric heater / HP
Yang and Svnedsen [28] 55°C HP -
70°C CHP -

When lowering the supply temperatures below 55°C, additional boosting units needs to be
applied for the preparation of DHW. Several studies have investigated the energetic and eco-
nomic performance of different lay-outs of booster heat pumps and electric heaters. Zvingilaite
et al. [29] analysed the feasibility of a micro heat pump for DHW in LTDH (40°C) and com-
pared the thermodynamic and economic performance of HPs with electric heating. From cost
perspective, HP use is not the most beneficial concept under stated technology and energy
prices, but the electricity consumption is reduced by more than six times. The cost feasibility
is thus highly dependent on the electricity prices, compared to the prices of the district heat.
(Ostergaard and Andersen [30] investigated the optimal use of HPs in DH systems with heating
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based on electricity. The researchers compared two alternatives of DH with a central HP, with
and without a booster HP. Results show that the primary energy demand is lower using booster
HPs compared to individual boilers, individual HPs or DH without boosting. Yang et al. [31]
studied the performance of five different configurations of boosting units for DHW in single-
family houses supplied with ULTDH. Electric heaters combined with heat exchangers showed
better energetic and economical performances compared to heat pumps, which have a higher
set-point temperature due to the storage of DHW.

Previous studies show that lowering the supply temperature reduces heat losses, but necessi-
tates a booster unit when temperature requirements for DHW and SH cannot be met. Booster
heat pumps offer a good performance, while electric heaters may be more interesting regarding
the investment cost. However, the discussed studies assume the DHW temperature require-
ment is the main limiting factor in lowering the supply temperature. This assumption does not
hold true for non-refurbished buildings with radiator heating. Consequently, the conclusions
drawn from these studies cannot be directly applied to urban areas with a diverse mix of old,
refurbished, and new buildings in their building stock.

2.2 Geothermal energy

By the end of 2021, global renewable generation capacity increased to 3 064 GW, of which the
share of solar and wind energy has grown the most [32]. Solar and wind energy mainly produce
electricity, which can be used for generating heat by HPs, but suffer from its intermittent char-
acter. Geothermal energy on the other hand, is a non-intermittent and largely available source
that can be used for both heating and cooling [17]. Geothermal HP systems can contribute to
decarbonizing the heating sector, since efficiencies are higher than with traditional combustion
based heaters [33] and renewable electricity can be used.

2.2.1 Classification

No universal definition or classification exists since different criteria can be used, such as
fluid temperatures, depth of drilling, open or closed systems, horizontal or vertical installa-
tion [17, 34]. In this literature review, the classification of Romanov et al. [17] is used, based on
fluid temperatures and suitability for different DH generations. Table 2.3 provides an overview
of the different geothermal systems.

Table 2.3: Overview of shallow, medium and deep geothermal systems, adapted from [17].

Geothermal Fluid tem- Generation Drilling SH DHW

system perature DH depth

Shallow <25°C ULTDH 1.5-150m HP HP

Medium 25-90°C LTDH 150-3000m HP/HEX /direct HP /HEX /direct
Deep >90°C 2GDH/3GDH  >3000m HEX/direct HEX/direct
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Shallow geothermal systems

Shallow geothermal systems have a drilling depth range of 1.5 m-150 m and deliver low tem-
perature heat [17]. These systems utilize either open or closed loops to extract heat. In an
open loop system, local groundwater or surface water is extracted and passed through a heat
exchanger to exchange heat. The water is then returned to its source. The advantage of an
open systems is the constant supply temperature of the source. However, open loops systems
also show some important disadvantages and are often not allowed. Open loop systems have
more inherent environmental risks and equipment is more prone to corrosion and fouling [35].

Closed loop systems are commonly used and make use of a heat transfer fluid circulating in a
piping system. Heat transfer occurs through the pipe walls [35]. Closed loops can be divided
into horizontal and vertical configurations, depending on the installation of the borehole heat
exchangers (BHE) [17]. In horizontal systems, BHE are placed parallel with the earth’s sur-
face at a depth of 1.5-2 m deep [17]. The installation cost is relatively low, but the proximity
of the earth’s surface causes a daily and annual variation of the source temperature [36]. In
vertical systems, typical drilling depths are between 100 and 150 m for large-scale applications,
mostly dependent on local licensing rules [34]. The most common type of borehole lay-out are
U-tubes and coaxial tubes [17]. The heat extraction is higher compared to horizontal systems,
but drilling cost of the boreholes as well [34]. Consequently, vertical loop systems are more
economical for larger applications [35]. Shallow geothermal systems extract low temperature
heat and as a consequence require HPs to deliver sufficient heat for SH and DHW. Nevertheless,
technologies for shallow geothermal systems are more advanced than medium and deep ones,
and more research is done describing optimal design and new materials to increase efficiency
[17]. Overall, shallow geothermal systems are characterized by following advantages and disad-
vantages:

e Advantages: Flexible lay-out, lowest drilling and installation cost, advanced research and
increasing performances.

e Disadvantages: Lowest heat output.

Medium-deep geothermal systems

The current situation of medium-deep geothermal systems is described in the work of Romanov
et al. [17]. Medium-deep geothermal systems can increase the heat output with drilling depths
up to 3 km, which can be advantageous for urban environments with limited space. The heat
can be used both directly as indirectly using HPs or heat exchangers (HEX) for SH and DHW.
Besides production of heat, medium-deep BHE may also be an attractive solution for thermal
energy storage. The main downside of medium-deep systems is the high drilling cost. That
is why depleted oil and gas wells could be transformed into BHE, but this is accompanied by
hydro-geological, environmental and legal requirements. Currently, there are only a few such
systems in the world. The main advantages and disadvantages of medium-deep geothermal
systems are listed below:

e Advantages: Higher heat output, possibility for thermal energy storage.

e Disadvantages: Higher drilling costs, environmental and legal constraints.

Deep geothermal systems

Romanov et al. [17] summarizes that deep geothermal energy is mainly interesting because
the availability of thermal energy is several orders of magnitude higher compared to the global
primary energy use. Electricity can be produced via direct steam, flash or binary cycles or heat
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can be produced directly. The use of deep geothermal systems depends on geological conditions,
such as boundaries of tectonic plates. The majority of places on earth do not have this favourable
conditions, which limits the exploitation of deep geothermal heat. The implementation of deep
geothermal heat extraction increases the risk of seismicity, which can lead to hostility and poor
social acceptance. Limited available technologies for drilling and high upfront costs form big
barriers for the up-scaling of deep geothermal energy. Below, the advantages and disadvantages
of deep-geothermal systems are summarized:

e Advantages: High availability of geothermal heat, both electricity and heat production.
e Disadvantages: Seismicity risk, difficult social acceptance, very high drilling costs.

Shallow geothermal energy systems are currently the most developed and suitable option
for utilizing DH networks in urban areas. While larger heat output systems are being explored,
shallow geothermal systems are the most mature. The low temperature heat can not be used
directly and requires additional heat pump technology to raise the temperature to a more
practical level.

2.2.2 Variations in ground temperature
Daily and annual fluctuations

Geothermal energy is considered abundant and relatively constant and thus forms and inter-
esting thermal resource. Nevertheless, meteorological conditions such as solar radiation, snow
cover, rain, shade and air temperature influence the ground surface temperature [35, 37| and
affects the performance of the heat system. The daily variances in meteorological conditions
affect the ground temperature to a depth of 0.3-0.8 m [37], while seasonal effects are noticeable
up to 10 m of depth [37, 38]. Figure 2.2 shows the annual ground temperature variations at
different depths in Ottawa, Canada. The ground temperature range converges as the depth
increases. Below the point at which meteorological conditions causes fluctuations, the ground
temperature increases with depth at a rate of 30 °C/km, also called the geothermal gradient
[37]. In Flanders, the ground temperature at a depth of 5-7 m is in the range of 10-12 °C and
stable to use for geothermal heat pumps [39].

Figure 2.2: Annual ground temperature fluctuations at different depths [35, 37].
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Temperature degradation

Besides the meteorological influences, also ground heat pump systems can alter the ground
temperature. According to Li et al. [40] unbalance of heat load can cause the ground tempera-
ture to increase or decrease. When the cooling load of buildings is higher in summer than the
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heating load in winter, the ground temperature will increase after a long time and the ability of
rejecting heat will become worse and vise versa. The researchers showed that in a year when the
cooling load was 3.59 higher than the heating load, the ground temperature increased by 1-5 °C
compared to the previous year. Moreover, when only extracting heat, after 5 years the ground
temperature will be reduced by 6 °C, and when only emitting heat, after 13 years the ground
temperature will be over 35 °C. Luo et al. [38] observed the ground temperature decreasing if
the thermal imbalance of the heat demand is high and a larger amount of heat is extracted.
Duus & Schmitz [41] investigated the effect of changes in operation in order to obtain a efficient
and sustainable use of geothermal energy. The researchers state that measurements within
the geothermal field show that different effective measures, such as balancing the cooling and
heating demand, exist to counteract the energy imbalance and thus a sustainable and energy
efficient use of the geothermal energy can be achieved.

The extraction or emission of heat using heat pumps thus causes the increase or decrease of
ground temperatures and decreases the system performance. In order to avoid the geothermal
field to become unable to use, measures need to be taken to ensure balance between the energy
extraction and emission.

2.3 Heat pumps

2.3.1 Role of heat pumps in district heating

Globally, about 10% of the heat demand in buildings is covered by heat pumps [42]. By replacing
individual gas boilers by heat pumps, the majority of the current SH and DHW could be met
with lower emissions [42]. In combination with DH, HPs offer the opportunity to use excess
electricity of RES and waste heat or low-temperature natural heat [13]. From an economic
and environmental point of view, LTDH networks using HP technologies are fully competitive.
This is not the case for high temperature DH networks, where mainly fossil fuel generation
technologies are economically more interesting [13]. Nevertheless, the trend in European DH
systems shows a focus on improving efficiency in heat generation and transmission, using of
RES and reducing impact on the environment and human health [43].

Technical characteristics and configurations

The heat pump is an efficient technology that achieves high energy efficiency based on thermo-
dynamic cycles. A HP can deliver several units of thermal energy for each unit driving energy
[13]. This ratio is called the coefficient of performance (COP), which is often greater than one
for heat pumps. In the EU, a large diversity of applications and RES characterise the use of
HPs in DH [43]. HPs can be divided is two categories: electrically driven HPs and thermally
driven HPs [44]. Electrically driven heat pumps use electricity to drive the compression cycle,
based on fossil or renewable resources such as wind turbines or PV panels. Thermally driven
heat pumps, on the other hand, use heat or a gas engine to drive the compression cycle. Waste
heat from industry or CHP plants can be used. Both types of HPs also have a low grade heat
source, which can be ambient air, natural water sources like lakes and rivers, geothermal heat,
waste heat etc.
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Figure 2.3: Characteristics and configurations of heat pumps in district heating, adapted from

[13].

The placement and configuration of the HP strongly depends on the location and ability of
the heat source [13]. Figure 2.3 shows four different configurations of HPs in DH networks:

1. A central heat pump requires a high thermal capacity to cover the full heating demand of
the DH network. The heat pump forms the power station and can be configured in single
or multi-stage, in series or parallel.

2. A local heat pump is placed in the network and depends on local resources. Local heat
pumps can have a high or medium heat capacity and can introduce flexibility in the

system.

3. Directly connected individual heat pumps are used to integrate RES and make use of the
supply or return lines as heat source. Individual heat pumps offer the potential to locally
boost the temperature, enabling a reduction of supply temperatures in the DH network.

4. Indirectly connected individual heat pumps are used in buildings which are not connected
to the DH network and use local RES.



Improvements

In order to improve HP performance and use in the building sector, the International Energy
Agency (IEA) points out in which research domains innovation is needed. The key improvements
to be made are [42]:

e System-oriented solutions to optimise the building/district energy use with active control,
storage and integration of solar photovoltaics (PVs).

Compacted integrated solutions of both heat pump and storage.

Efficiency improvements of buildings.

Efficient and safe refrigerants with low or zero global warming potential (GWP).

Improved acoustics and aesthetics.

e Improved drilling techniques to reduce surface footprint of geothermal solutions.

2.3.2 Large-scale central heat pumps

From the 1980s, large-scale heat pumps entered the market to provide heat for DH. David et al.
[45] presented a database and status of the technology for applications in Europe. The focus is
mainly on electricity driven heat pumps, because the large-scale HPs used excess of electricity
of nuclear power and later renewable resources [45]. Large HPs are integrated in the DH system
to consume affordable surplus energy and balance the variable electricity production [46]. The
HPs in the survey of David et al. [45] achieve COP values between 2.65 and 6.5, with lower
COP values for higher output temperatures. In the survey the maximum output temperature
ranges from 42 °C to 90 °C. Although the high temperature requirements for DH were considered
a barrier for the expansion of the technology [45], installed large-scale heat pumps proved to
be able to deliver the required heat for both existing and newly developed DH systems. The
trend of decreasing DH supply temperatures is even favourable for the implementation of HPs.
Volkova et al. [47] point out that thermal storage is crucial for the reduction of greenhouse gas
(GHG) emissions, because it allows HPs to operate when excess electricity of RES is available.
The economic feasibility of using large-scale HPs is highly sensitive to electricity and fuel prices
[46, 48, 49]. If electricity prises increase compared to fuel price levels, the potential for HPs
will decrease and vice versa [48]. The competitiveness of HPs is also highly dependent on taxes
and subsidies [49]. Biomass has been heavily subsidised in order to phase out fossil fuels and
therefore compete directly against HPs [47]. When electricity prices are high, the heat cost
lowers and increase the economic advantage of biomass CHP. Therefore, it is favourable to have
both biomass CHP plants as HPs for heat supply [49].

2.3.3 Booster heat pumps

Booster heat pumps are used to increase the temperature of the system locally to provide DHW
in LTDH or ULTDH. Booster heat pumps can be placed on the primary or secondary side of
the tap water heat exchanger as showed in Figure 2.4a and Figure 2.4b respectively. According
to Ommen & Elmegaard [50] a heat pump on the primary side of the tap water heat exchanger
is superior in terms of COP and exergy efficiency at almost all temperature configurations of
LTDH.

The specific lay-out of the DH booster HP is shown in Figure 2.4c. The inlet of the condenser is
connected to the supply line of the DH network. The heated water is stored in a storage tank.
Fresh water is heated through a heat exchanger and fed to the sanitary circuit. The heat pump
evaporator can be supplied by the DH supply line or the return line of the storage tank/heat
exchanger. Zvingilataite et al. [29] state that the option with the DH supply water feeding the
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evaporator results in more stable operating conditions, since the temperature of the return line
from the heat exchanger can vary, depending on the cold tap water temperature.
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Figure 2.4: Booster heat pump lay out: a) HP on primary side of the heat exchanger b) HP on
secondary side of the heat exchanger c) specific lay out booster HP (adapted from [26]).

2.4 Electric heater

In LTDH or ULTDH networks, electric heaters are often mentioned to provide elevated temper-
atures for DHW. The main reason for choosing electric heaters over booster HPs is the lower
investment cost and simpler design, although electricity consumption is expected to be higher
[29]. Therefore a trade-off exists between cost for the end-user and energy efficiency. Elmegaard
et al. [27] compared different concepts for SH and DHW with conventional district heating with
CHP. Results show that electricity consumption is highest when using a electric heater. Lund
et al. [51] compared LTDH without any form of boosting with two scenarios of ULTDH with
an electric heater and a booster HP. The authors found that capacity investments keep on de-
creasing with decreasing DH temperature as long as no booster element is needed. They state
that even if the investments costs of LTDH and ULTDH would be the same, a larger investment
in terms of building refurbishment is necessary to be able to implement ULTDH.

Although boosting is found to be not economically interesting at the moment, there is a trend
towards lowering DH temperatures and electric heaters have been investigated for the purpose
of DHW preparation. Zvingilaite et al. [29] proposed three different configurations using electric
heating and a hot water storage tank. The set up using a storage tank which is preheated by
the DH water and further heated by an immersed electric heater (Figure 2.5a) showed lowest
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yearly costs compared to the other electric heater configurations and a scenario with booster
HP. But the authors also note that the electricity consumption is 6 times higher than with a
HP, increasing the importance of electricity prices. Yang et al. [31] on the other hand concluded
that an in-line heater as supplementary heating device (Figure 2.5b) shows better energetic and
economic performances compared to other configurations including a HP. The researchers state
that the use of thermal energy storage requires more heat due to heat losses, which results in
lower energy efficiency.

Electrical
heater

SH

El heater
ULTDH Supply HEX ;
W DHW

ULTDH Return

DCw

DowW
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a) bj

Figure 2.5: Best performing electric heater lay-out according to a) Zvingilaite et al. [29]: DH
water flows through a coil and DHW is further heated up by an electrical heater installed in
the tank and b) Yang et al. [31, 52]: DHW is heated by an instantaneous in-line HEX without
storage.

The choice between electric heaters and booster HPs is mainly dependent on the choice
between investment cost for the end user and energy efficiency. Electric heaters are simpler and
require less investment costs, but often consume more electricity to provide DHW.

2.5 Piping

DH consists of a large amount of pipes distributing heat to multiple users. Optimization of
design and pipe lay-out can not be overlooked, since distribution losses are usually in the range
of 10-30 % [14] of the total delivered energy by the central heat source and circulation pumps.
Distribution losses consist of heat losses, pressure losses and leakages. According to Mazhar et
al. [3] heat losses are a major source of loss compared to flow losses. Heat losses usually are in
the range of 5-20 % of the delivered energy, flow losses are in the range of 100-250 Pa/m [3].
Heat losses mainly depend on length of the transmission line, insulation and material of the
piping, and external conditions such as ground temperature and meteorologic factors.

The reduction of DH supply temperature aims to lower the distribution heat losses in the
network, but also benefits the use of other piping material or configuration. 3GDH made use
of pre-insulated steel pipes directly buried into the ground [16]. In 4GDH, lower DH supply
temperatures offer the possibility of using cheaper materials for pipes such as plastic, using twin
pipes and decreasing insulation thickness and costs [3, 14]. In papers discussing 5GDHC, pipes
are often not insulated at all since supply temperatures are close to ground temperature [16].
In order to decrease investment cost of piping and heat losses the type, insulation and dimensions
of the pipe should be chosen with care. One of the most substantial parameters of a DH design
is the selection of pipe diameters to minimize the investment cost and heat losses [53]. Pipe
diameters are determined by maximal peak pressure drop or mass flow rate [53]. To minimize
heat losses, insulation thickness can be increased, but results in higher investment costs [53].
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According to Mazhar et al. [3] twin-pipes should be applied wherever possible since they show
best performance to price ratio.

2.5.1 Pre-insulated, twin and triple pipes

Current DH networks mainly use pre-insulated pipes, but more improved concepts such as twin-
pipes and triple-pipes are entering the market or being investigated in literature. In a network
using pre-insulated pipes, one pipe is used for the supply of water and one for the return, as
can be seen in Figure 2.6a. Different types of insulation are used such as PUR, PUR plus and
PEX [54]. In twin pipes both supply and return pipes are embedded in the core of a larger
casing filled with insulation to reduce heat losses [55], as in Figure 2.6b. Nowak-Oclon & Oclon
[54] presented an economic analysis of a modern heating network using pre-insulated pipes and
twin-pipes. The authors concluded that twin-pipes have a higher investment cost, but obtained
the lowest heat loss, and thus were more cost-effective compared to the studied pre-insulated
pipes. The results also show that the use of PEX insulation is economically more beneficial than
PUR insulation. Khosravi & Arabkoohsar [56] investigated the compatibility of twin-pipes with
ULTDH and LTDH and concluded that twin-pipes fit both systems, but that there is space for
improvement of the insulation material.

The concept of triple pipes is introduced in literature, but is not commercially available [55].
The idea is to integrate a smaller secondary supply line to provide DHW at higher temperatures
or for during demand peaks, as in Figure 2.6c. The return pipe has the largest cross-section,
which is the sum of the two supply pipes [57]. Arabkoohsar et al. [57] compared the use of triple
pipes to twin pipes based on existing DH temperatures for SH and DHW. The authors showed
that triple pipes with DHW and SH supply lines could perform better in terms of thermal
performance.
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Figure 2.6: Piping cross-section: a) Pre-insulated pipes b) Twin pipes ¢) Triple pipes (adapted
from [54, 55]).

For the current LTDH networks, pre-insulated pipes or twin pipes will probably be most
interesting in terms of cost and thermal performance. When DH supply temperatures are
lowered to ground temperature and DHW booster units are used, thermal performance looses
importance and investment cost of piping will probably be a more important parameter. From
that perspective, it can be questioned whether triple pipes have a role in that scenario.

2.6 Literature gap

Numerous studies have focused on DH systems examining the impact of reducing the supply
temperature and have proposed suitable booster units to locally raise the temperature if neces-
sary. Some studies have explored the use of DH networks with a central heat pump as the heat
source, but only in combination with buildings where the temperature requirement for DHW is
the primary factor limiting the reduction of the supply temperature.
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However, this particular study takes into account a DH network in an urban neighbourhood
comprising of non-refurbished and refurbished buildings, which is a common scenario in cities.
In non-refurbished buildings, the supply temperature for radiators imposes a lower limit on the
network supply temperature. As a result, the temperature at which a booster unit becomes
necessary is elevated. Therefore, this study aims to investigate the influence of the supply tem-
perature and booster unit on the performance of the central heat pump and the overall network
for both refurbished and non-refurbished buildings.
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Chapter 3

Methodology

For the DH network in Muide-Meulestede (Ghent) a suitable solution is required to provide
SH and DHW by means of a central heat pump. The aim of this research is to provide a
comparative study for this DH network on different temperature regimes in terms of primary
energy use and energy efficiency. The choice of supply temperature in the DH network is
influenced by the temperature requirements for SH and DHW, which are determined by the
state of the building and their suitability for different technologies. To this end, eight scenarios
are chosen and modelled for comparison, as shown in Table 3.1. In this chapter, the importance
of the parameters used in the scenarios is discussed in Section 3.1, and the eight scenarios are
explained in Section 3.2. The topology and size of the DH network is discussed in Section 3.3.
In Section 3.4, the buildings and the booster technologies are described.

3.1 Parameters

3.1.1 Supply temperature

Depending on the central heat source and the temperature requirements of the buildings, the
possible network supply temperature differs [51, 58]. In the case of Muide-Meulestede (Ghent),
a central heat pump is used to provide heat for the network. Higher supply temperatures
will decrease the performance of the central heat pump and increase the heat losses in the
distribution network [30, 59]. On the other hand, the heat requirements of the buildings for SH
and DHW will impose a lower limit on the supply temperature at which a booster technology
is needed [30]. Therefore, different supply temperatures can be found in literature and case
studies, ranging from 10 °C to 90 °C [25, 27, 30, 33, 53, 60, 61].

3.1.2 Space heating

The two considered SH technologies are radiators and underfloor heating. For radiators, the
supply temperature is estimated to be 65 °C, with a temperature drop of 20 K [27, 62], whereas
for underfloor heating, a supply temperature of 35 °C and a temperature drop of 10 K is
assumed [27, 62]. Depending on the supply temperature of the network, a booster technology
may be required to ensure sufficient heating capacity. Two alternative booster technologies are
proposed in this study. Firstly, an electricity-driven water source heat pump is proposed as an
alternative for an individual air source heat pump or ground water heat pump with individual
boreholes. The booster heat pump is connected to the DH network at one side and to the
SH circuit at the other. For remainder of this study, the DH network will be referred to as
the primary side, while the circuits within the buildings will be referred to as the secondary
side. The connection to the DH network eliminates the need for both an outdoor unit and
an indoor unit, making it more favorable than installing an individual air source heat pump.
Additionally, the connection to the DH network provides the possibility to utilize geothermal
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energy as a heat source, eliminating the need for individual boreholes, especially in urban areas
where space is limited. Secondly, an electric heater or electric boiler can be utilized as a booster
technology during peak demand to increase the temperature of the radiator supply, and serves
as an alternative for heating with natural gas or fuel oil. Although the heat pump is likely to
outperform the electric heater in terms of electricity consumption, the investment cost for the
former may be higher and is therefore included in the comparison.

3.1.3 Domestic hot water

The required temperature for DHW used in the kitchen and bathroom is 45 °C [50, 51, 52].
However, to prevent the growth of legionella bacteria, the stored DHW temperature should be
occasionally elevated to 55 °C [31, 15, 24]. Depending on the DH network supply temperature,
cold tap water at 10 °C is heated directly via a heat exchanger, or boosted by a heat pump or
electric heater. This can be done either solely for DHW or in combination with hot water for

SH.

3.1.4 State of the building

The state of a building and its level of insulation affect the heat demand and the most suitable
heating technology to be employed. According to Zhang et al. [63], increasing insulation thick-
ness in a building reduces heat losses, thereby lowering the heat demand when the occupants’
behavior remains unchanged. On the other hand, it can be shown that by insulating a building,
occupants tent to heat more rooms and prefer a higher level of comfort. Heat demand is thus
not necessarily lower after refurbishment. This phenomenon is also called ‘the rebound effect’
[64]. The available heating technology is influenced by the building’s heat demand and the state
of the building [4]. In non-refurbished buildings, SH with radiators (65 °C) is more common,
while underfloor heating (35 °C) and low-temperature radiators (50 °C) are more likely to be
found in refurbished or new buildings.

3.2 Investigated scenarios

To analyze the energy efficiency and primary energy use of a DH network, which comprises
a central heat pump and 35 houses, eight scenarios were proposed, simulated, and compared.
These scenarios, presented in Table 3.1, are divided into four with non-refurbished buildings and
four with refurbished buildings with varying network supply temperature. The non-refurbished
buildings, depicted in scenarios 1 to 4, employ radiators with a supply temperature of 65 °C.
On the other hand, the refurbished buildings in scenarios 5 to 8 use underfloor heating with
a supply temperature of 35 °C. A booster unit is necessary for DHW, SH or both, based on
the DH network temperature. The booster unit can be a heat pump or electric heater. The
subsequent section explains the configuration of each scenario.

Scenario 1: non-refurbished, 75 °C, no booster

Scenario 1 employs a high network supply temperature of 75 °C and does not require booster
technology. A schematic overview is given in Figure 3.1. In this scenario, a heat exchanger is
used to heat water for SH and DHW purposes. Control valves, for both SH and DHW, regulate
the amount of water extracted from the DH network to achieve the desired temperature.
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Table 3.1: Investigated scenarios.

State of the Network Booster technology Booster technology use
building temperature
Heat pump  FElectric heater  Domestic hot water — Space heating

1 Non-refurbished 75 °C

2 Non-refurbished 55 °C X X
3 Non-refurbished 55 °C X X
4  Non-refurbished 45 °C X X X
5 Refurbished 55 °C

6 Refurbished 45 °C X X

7 Refurbished 45 °C X X

8 Refurbished 10 °C X X X

DH Supply 7500

65°C 45°C
T

Pump

g

= Heat ex-
T changers
~

45°C L 4& Cold tap
77777777 Control \______ water
valves

DH Return

Figure 3.1: Schematic scenario 1: non-refurbished, 75 °C, no booster.

Scenario 2: non-refurbished, 55 °C, booster HP for SH

The network temperature in scenario 2 is lowered to 55 °C , which necessitates the use of a
booster unit to fulfil the SH requirements. Figure 3.2 presents a schematic overview of scenario
2. A booster heat pump is used to elevate the temperature in the radiator circuit to 65 °C.
The HP evaporator side is connected to the DH network. A control valve regulates the mass
flow through the heat pump to achieve a DH return temperature of 25 °C. Similar to scenario
1, DHW preparation is carried out using a heat exchanger.
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Figure 3.2: Schematic scenario 2: non-refurbished, 55 °C, booster HP for SH.

Scenario 3: non-refurbished, 55 °C, booster electric heater for SH

In scenario 3 the same network conditions as in scenario 2 are maintained, but an electric
heater is employed to increase the radiator supply temperature. Figure 3.3 provides a schematic
overview of scenario 3. The DH network connection is used to preheat the water in the radiator
circuit to 47 °C via a heat exchanger. The resistive heater in the storage tank elevates the
radiator supply temperature to 65 °C. DHW preparation is conducted through a heat exchanger,

similar to scenarios 1 and 2.

DH Supply

55°C
65°C o~ 47°C 45°0

! g } { 9* DHW

i 77777 EFEB ,,,,,, Pump
= .
.% Tank Wlth Heat ex-
b= electric changers
~ heater

43°C \_ _ﬂ Cold tap
________ Control \/__ water

DH Return valves

Figure 3.3: Schematic scenario 3: non-refurbished, 55 °C, booster electric heater for SH.

Scenario 4: non-refurbished, 45 °C, booster HP for SH and DHW

Scenario 4 involves a DH network temperature that is insufficient to elevate the cold tap water
to 45 °C via a heat exchanger. Therefore, a heat pump is utilized to increase the temperature for
both SH and DHW purposes. The schematic overview of scenario 4 is presented in Figure 3.4.
The heat pump condenser temperature is set to 65 °C to fulfil the requirements of the radiator
circuit. For DHW preparation, a storage tank with internal heat exchanger is employed. As
the tap water is stored, the storage tank temperature must occasionally reach 55 °C to prevent
legionella growth. A control valve regulates the mass flow from the heat pump to maintain the
storage tank temperature between 45 °C and 55 °C.
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Figure 3.4: Schematic scenario 4: non-refurbished, 45 °C, booster HP for SH and DHW.

Scenario 5: refurbished, 55 °C, no booster

Since scenarios 5 to 8 involve refurbished buildings, the SH temperature requirements are re-
duced to 35 °C. As a result, with a DH network temperature of 55 °C, no booster unit is required.
Figure 3.5 provides a schematic overview of scenario 5. Heat is exchanged from the network via
heat exchangers, similar to scenario 1. Control valves regulate the DH mass flow the through

the substation.

DH Supply S500
cN3C 45°C
< o
E Pump
T Heat ex-
%g Changers
)
29°C L 10°C Cold tap
,,,,,,,, Control /< water
valves

DH Return

Figure 3.5: Schematic scenario 5: refurbished, 55 °C, no booster.

Scenario 6: refurbished, 45 °C, booster HP for DHW

Scenario 6 utilizes a booster heat pump for DHW preparation, since the DH network tempera-
ture is lowered to 45 °C. Figure 3.6 displays a schematic overview of scenario 6. The cold tap
water is heated in the storage tank with an internal heat exchanger. A hystersis control loop
is used to regulated the power of the heat pump, based on the temperature of the water in the
storage tank. To elevate the temperature of the water in the underfloor heating circuit, heat is
exchanged from the network with a heat exchanger, similar to scenario 5.
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Figure 3.6: Schematic scenario 6: refurbished, 45 °C, booster HP for DHW.

Scenario 7: refurbished, 45 °C, booster electric heater for DHW

Scenario 7 is similar to scenario 6, except for the DHW preparation. Figure 3.7 shows a

schematic overview of scenario 7. Instead of a heat pump, an electric heater is used to heat
the cold tap water, which is preheated by the DH network. The water is stored in a tank and
heated further by the electric heater. To prevent the growth of legionella, the temperature in
the tank is raised to 55 °C. The underfloor heating circuit is heated by the DH network via
a heat exchanger. Control valves regulate the mass flow through the primary side of the heat
exchanger to ensure that the desired temperature is reached at the secondary side.

DH Supply 4590
‘ 35°C 37°C
N _
= Tank with  Pump
5] .
= Heat ex- electric
g heater
= changers
-]
25° 10°C Cold t
°C Control V/__ ] octap
water
valves

DH Return

Figure 3.7: Schematic scenario 7: refurbished, 45 °C, booster electric heater for DHW.

Scenario 8: refurbished, 10 °C, booster HP for SH and DHW

In scenario 8, the DH network temperature is not increased by a central heat pump. Instead,
the DH network temperature is the same as the borehole water temperature, which is 10 °C.
As a result, a booster heat pump is needed in the substations to raise the temperature for SH
and DHW. A schematic overview of scenario 8 is presented in Figure 3.8. To ensure the tem-
perature of the DHW storage tank reaches 55 °C at certain moments, the heat pump condenser
temperature is set to 55 °C. Mass flow rate from the heat pump is controlled by control valves.
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Figure 3.8: Schematic scenario 8: refurbished, 10 °C, booster HP for SH and DHW.

3.3 District heating network

In this section the topology and components of the DH network are discussed. The dimensions
of the components are used in the models in Chapter 4. An overview of the assumptions made
in this section can be found in Table 3.2.

Table 3.2: Assumptions for the sizing of the components in the distribution network.

Variable Symbol Assumption Ref.
Operating pressure distribution network Pdist 6 bar [65]
Pressure drop over substation APsub 0.5 bar [66, 67]
Pressure drop Ap/1 300 Pa/m [68]

Pipe roughness € 0.007 mm [65]
Pinch point temperature HEX ATxrx 8K [29, 30, 50, 69]
Heat exchanger effectiveness € 0.8 [70]

Soil temperature Tsoil 10 °C [65]

Pipe depth - 0.8 m [65]

3.3.1 Network topology

The topology of the network is shown in Figure 3.9 [71]. Geothermal energy is extracted
centrally with boreholes of 150m depth under the parking lot of the football club. The water
is transported to the neighbouring building, where a technical room is provided for the central
heat pump. The network forms a circular loop along the backyards of the buildings. The total
length of the ring is 290m and has 35 connection points. The supply pipe starts at the central
heat pump and stops at the last customer. The return pipe starts at the first customer and
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ends at the central heat pump. The supply pipe line consists of a segment from the heat pump
towards the first consumer of 20 m and 34 segments between the consumers of 5 m each. The
return pipe line consists of 34 segments between the customers of 5 m each and a segment
towards the central heat pump of 100 m. In a ring topology the total pipe length is the same
for every customer, resulting in equalised pressure differences between supply and return pipes.
This makes it easier to control a system with a ring topology compared to a branched or linear
topology [72].

S
)
&

Technical area
with central heat

pump

Figure 3.9: Overview of the network topology, adapter from [71].

3.3.2 Sizing of the network

This section discusses the sizing of components in the distribution network. It is important to
note that the design of the network is not optimized as the scope of this work does not include
design optimization. Therefore, decisions and calculations are made based on recommendations
from existing research or available data provided by manufacturers. A summary of all assump-
tions made in the following calculations is provided in Table 3.2, and the chosen dimensions will
be used in the models discussed in Chapter 4.

Pipe diameter

The distribution network starts at the central heat pump and transports the hot water towards
all substations. It is assumed that the distribution network consists of pre-insulated Flexstar
UNO® single pipes of BRUGG Pipes®[65]. Pipe dimensions, roughness and heat transfer
coefficients are provided by the manufacturer. The data sheet can be found in Appendix A.1.
The pressure of the piping network is set to 6 bar, according to the operating pressure of pre-
insulated Flexstar UNO pipes [65]. The diameter of every pipe segment is calculated with the
Darcy-Weisbach equation, as seen in Equation 3.1.

8 f1in2
D= Aiij (3.1)
TP

Where D is the pipe diameter [m], f is the Darcy friction factor [-], 7 is the maximum mass flow
rate [kg/s|, Ap/lis the pressure drop [Pa/m] and p is the density of the fluid [kg/m?3]. According
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to Best et al. [68], total distribution cost is lowest when designing the network with a maximum
pressure drop of 300 Pa/m. The Darcy friction factor is calculated with the Haaland equation
[73]. The Haaland equation is expressed in Equation 3.2 and is an approximation of the implicit
Colebrook-White equation [74] and allows to calculate the friction factor directly.

111
\/lf = 1.8log ((Z?) + i{Z) (3.2)

Where f is the Darcy friction factor [-], € is the roughness of the pipe [m], D is the diameter
of the pipe [m] and Re is the Reynolds number [-]. The maximum mass flow rate is determined
iteratively for every pipe segment. Pipe diameters are chosen according to the available pipe
dimensions in the datasheet of the manufacturer. The resulting pipe dimensions can be found
in Appendix B.

Heat losses

To calculate heat losses in the piping network, the heat transfer coefficient provided by the
manufacturer is used [65], as displayed in Table 3.3. The inner tube of the selected pipes is
made of PEX. The pipes are equipped with insulation comprising of a PUR foam, a PE foil, and
an LLD-PE casing, as illustrated in Figure 3.10. The soil temperature is assumed to be 10 °C,
and the pipes are buried at a depth of 0.8 m. Table 3.3 shows the available pipe dimensions and
corresponding heat transfer coefficients. Heat losses in the distribution network are calculated
according to Equation 3.3.

Q =U-1- (Twater - Tsoil) (3.3)

Where @ is the heat lost to the environment [W], U is the heat transfer coefficient [W/mK], 1
is the pipe length [m], Tyater is the temperature of the water in the pipe and Ty is the soil

temperature [K].
\./ PEX inner tube

PUR foam
PE foil
LLD-PE casing

Figure 3.10: Pipe insulation layers (adapted from [65]).

Table 3.3: Pipe inner and outer diameter and heat transfer coefficient.

D; [mm] D, [mm] U[W/mK]

25 70 0.1470
32 70 0.1940
40 90 0.1880
50 90 0.2600
63 105 0.2890
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Heat exchanger

A constant heat exchancher pinch point temperature of 8 K is assumed, as applied by Zvingilaite
et al. [29], Ostergaard & Andersen [30], Ommen & Elmegaard [50] and Ochs et al. [69] to
determine the required DH network temperature. In the scenarios described in Section 3.2, a
temperature difference between the DH network and the required temperature in the DHW or
SH circuit of 10 K is assumed (instead of 8 K) to account for potential temperature drops at the
end of the DH supply line. The used heat exchanger model in Dymola is however characterized
by the heat exchanger effectiveness, according to Equation 3.4 to 3.7.

Qmam - szn (Thot,in - Tcold,in) (34)
Cmin = min (mcoldcp,cold7 mhotcp,hot) (35
Qactual = mcoldcp,cold (Tcold,out - TCOld7iTL) (36
g = Q.actual (37)
Qmax

where @ is the transfered heat [W], 712 is the mass flow rate [kg/s], ¢, is the specific heat capacity
[J/kg/K] and ¢ is the heat exchanger effectiveness [-]. Typical effectiveness of a plate heat
exchanger is 70% to 90% in counter-flow mode according to [70]. In this work, an effectiveness
of 80% is assumed for all heat exchangers which connect the DH network with the substation.
The assumption of a constant pinch point temperature will thus not hold true in the simulations.

Circulation pump

A circulating pump is used to maintain a constant pressure of 6 bar. To select a suitable pump,
the flow rate and differential pressure are required. The differential pressure is calculated
according to Equation 3.8

Apdiff = Apfric + Apsub (38)

where Apg;, is the actual friction loss [Pa] in the supply and return pipes according to Equation
3.1 and Apgyp, is the pressure drop over the substation [Pa], which is assumed to be 0.5 bar
[66, 67]. The pressure loss over the substation includes the pressure loss over the heat exchanger,
the control valves and bends. The maximum pressure drop over the pipes, with a design of 300
Pa/m and a total length of 290 m, is 0.87 bar. This results is a total differential pressure of 1.37
bar or or a head of 13.98 m. The maximum flow rate is determined iteratively by simulating
the model and observe the maximum flow rate for every scenario. The maximum flow rate
ranges from 1.4 kg/s (5.0 m3/h) in scenario 3 to 7 kg/s (25.2 m3/h) in scenario 8. Figure 3.11
displays the operating range of Wilo Stratos MAXO® pumps, of which the performance maps
are implemented in the IDEAS library in Dymola.
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Figure 3.11: Operating range Wilo Stratos Maxo pumps [75].

The available performance maps in Dymola are limited to the pumps which deliver a head
of 12 m. As a consequence, two pumps in series are needed to deliver the required pressure
increase. Depending on the maximum mass flow rate, two pumps are chosen, as presented in
Table 3.4. The data sheets can be found in Appendix A.2-A.6.

Table 3.4: Circulation pumps.

Scenario Pump selection

Stratos MAXO 25/0,5-8 + Stratos MAXO 32/0,5-12
Stratos MAXO 25/0,5-8 + Stratos MAXO 30/0,5-12
Stratos MAXO 25/0,5-8 + Stratos MAXO 30/0,5-12
Stratos MAXO 32/0,5-8 + Stratos MAXO 40/0,5-12
Stratos MAXO 25/0,5-8 + Stratos MAXO 30/0,5-12
Stratos MAXO 25/0,5-8 + Stratos MAXO 30/0,5-12
Stratos MAXO 25/0,5-8 + Stratos MAXO 32/0,5-12
Stratos MAXO 40/0,5-8 + Stratos MAXO 50/0,5-12

0 O Ui W N

Central heat pump

Since the penetration of large-scale heat pumps in the market in very low and performance
data is often not made available by the manufacturer, Jesper et al. [76] developed a series of
HP performance correlations that estimate the COP for a range of different temperature lifts
based on real-world data. The recommended empirical expression in the study of Jesper et al.
is used to estimate the COP of the central heat pump in this study. The expression is given in
Equation 3.9.

COP = a (ATifs + 2b)° (Th.out + b)* (3.9)

Where COP is the coefficient of performance [-], ATj; ¢ is the temperature difference [K| between
evaporator inlet and condenser outlet temperature and a, b, ¢ and d are fit parameters. The
fit parameters are a = 1.4480 - 10'2, b = 88.730, ¢ = —4.9460, d = 0.0000. The ground water
extracted via the geothermal boreholes is assumed to be 10 °C [39]. The lift temperature can
be calculated as the difference between the desired network temperature and the temperature
of the ground water. The resulting COP values are shown in Table 3.5.
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Table 3.5: COP central heat pump.

Network temperature 75 °C 55 °C 45 °C

COP central heat pump 2.32 3.56 4.47

3.4 Buildings and occupants

In this section, the buildings and occupants are explained in more detail. The heat demand
profiles for SH and DHW are discussed as well as the booster heat pump and booster electric
heater.

3.4.1 Occupants

The number and type of occupants has an influence on both the DHW and SH demand. Five
different categories are selected and distributed over the 35 buildings. The five different cate-
gories are listed in Table 3.6, where FTE = full time employed, PTE = part time employed,
School = children living full time at home, Student = children living only during the weekends
at home, Retired = always at home. All categories are included 7 times in the network.

Table 3.6: Occupant categories.

Category Occupants

1 FTE, FTE, School, School
FTE, PTE, School
Retired, retired
FTE, FTE, School, Student
FTE, FTE

T W N

3.4.2 Space heating demand profile

Space heating demand profiles are generated according to the approach described in the Bun-
desverband der Energie- und Wasserwirtschaft (BDEW) guideline [77]. An hourly distribution
of the SH demand of a single family house is generated, based on the annual heat demand of
the building and weather data of Ghent of 2019 [78]. The heat demand is calculated according
to Equation 3.10.

QO) =KW -h()-F-SF (3.10)
Where Q is the heat demand in [W], 0 is a daily mean temperature, KW is the daily consumption
of a customer at 8 °C, h is a value depending on the daily mean temperature, F is a factor
depending on the day of the week and SF is a factor depending on the hour. The daily mean
temperature 6 is a weighted moving average of the 3 previous days to account for thermal
inertia, as can be seen in Equation 3.11.

T 4+05-Ti 1 +0.25-Tp o +0.125 - T3

0
140.540.2540.125

(3.11)

Figure 3.12 shows an example of a profile generated according to the BDEW guideline for a
single family house of 10 MWh/year in Ghent. This profile can be scaled, depending on the
annual heating demand.
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Small variations are introduced in the demand profile to avoid 100% simultaneity, based on
the occupant’s estimated behaviour. Table 3.7 shows when the occupants are expected to be at
home and to turn on the heating. These assumptions take into account work and school hours.
Retired people are assumed to be always at home, and thus the generated demand profile, as
in Figure 3.12, is directly applicable. For the other categories of occupants, scaling factors
are introduced to differentiate between absence and presence. The heat demand is artificially
increased by a factor 1.2 when the occupants are at home, and decreased with a factor 0.8
when the occupants are absent. Figure 3.13 shows the scaling factors for all occupant categories
during one week. A comparison of the heat demand profile of all 5 occupant categories during
one week is shown in Figure 3.14.

Heat demand [kW]
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Figure 3.12: Heat demand profile according to the BDEW guideline of a single family house
with a annual heat demand of 10 MWh/year.

Table 3.7: Timing of increased heating demand.

Profile Monday, Tuesday,

Thursday, Friday

Wednesday Saterday Sunday

FTE, FTE, School, School 7-9h, 16-22h 7-9h, 12-22h 7-22h 7-22h
FTE, PTE, School 6-9h, 16-22h 7-9h, 12-22h 7-22h 7-22h
Retired, retired - . - -

FTE, FTE, School, Student 7-9h, 18-22h 7-9h, 12-22h 7-22h 15-22h
FTE, FTE 7-9h, 19-23h 7-9h, 19-23h 7-22h 7-22h
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Figure 3.13: Scaling factor for occupant category 1 to 5 (top to bottom) during one week
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Figure 3.14: Heat demand profile after scaling of all 5 occupant categories during one week.

A distinction in annual heat demand is made, based on the type of occupant and the state of
the building. According to the Belgian electricity and natural gas regulator VREG [79], a mean
household consumed 17.000 kWh of natural gas, including 2.326 kWh for DHW and cooking
in 2020 [80]. A gas invoice of one of the buildings of the Dukkeldamstraat was provided for
the years 2021 and 2022, with values of 13.323,58 kWh /year and 12.826,74 kWh /year. Based
on this available data and the type of occupant, an estimation of the annual heat demand is
made. Table 3.8 shows the estimated annual heat demand per occupant category before and
after refurbishment.
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Table 3.8: SH demand before and after refurbishment per occupant category [kWh/year].

Profile SH Demand before refur- SH Demand after refur-
bishment [kWh /year] bishment [kWh/year]

FTE, FTE, School, School 18.000 13.000

FTE, PTE, School 16.000 11.000

Retired, retired 17.000 12.000

FTE, FTE, School, Student 15.000 10.000

FTE, FTE 12.000 8.000

3.4.3 Domestic hot water demand profile

To simulate the consumption of DHW, demand profiles are generated with DHW-calc from
Universitat Kassel [81]. DHWecalc is a program that distributes DHW draw-offs throughout the
year with statistical means, according to a probability function. The type of building (single or
multi family house), the mean daily draw-off volume and holidays can be specified by the user.
Figure 3.15 shows an example of a generated DHW profile for a single family building with a
mean draw-off of 1001/day, with a timestep of 1 hour.
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Figure 3.15: DHW draw-off profile of one week for a single family house with a mean draw-off
of 1001/day.

The mean draw-off of DHW is estimated to be 30 1/pp/day at 60 °C by the Belgian Building
Research Institute [82]. Depending on the number of occupants, the mean draw-off per person
can vary, since hot water used for cooking or dish washing can be shared among occupants. The
mean draw-off is estimated using the Event-based Residential Occupant Behaviour (EROB)
[83], which is an expansion on the StROBe-model [84]. The EROB-model, which was developed
in Python, generates DHW use per person at 60 °C based on the stochastic activity of the
occupants. To calculate the draw-off of DHW at 45 °C, Equation 3.12 is used, knowing that
hot water at 60 °C is mixed with cold tap water at 10 °C and assuming that the specific heat
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capacity remains constant.

60°C' — 10°C

45°C' — 10°C
Where 7 is the water mass flow rate [kg/s]. Table 3.9 provides the estimated DHW use per

person per category of occupants.

Mz c = Meo°C (3.12)

Table 3.9: DHW use per person per day at 45 °C per occupant category.

N° Profile Number of DHW use DHW use
occupants [l/pp/day] [1/day]

1 FTE, FTE, School, School 4 36 143
2 FTE, PTE, School 3 39 116
3 Retired, retired 2 41 89
4 FTE, FTE, School, Student 4 29 114
5 FTE, FTE 2 40 80

3.4.4 Booster heat pump

Daikin has provided performance data for a ground source heat pump used in collective hous-
ing. The data is confidential and therefore not displayed in this study. The performance map
includes information about the COP and electrical power at full load for condenser outlet tem-
peratures up to 60 °C and evaporator inlet temperatures up to 30 °C. However, since the heat
pump’s evaporator is connected to the DH network at temperatures higher than 30°C and a
condenser outlet temperature of 65 °C is desired in the radiator circuit, the operating points
are not included in the available performance map. To address this issue, the provided data is
expanded by extrapolating the fraction of Carnot efficiency. The Carnot efficiency represents
the maximum theoretical efficiency of an ideal thermodynamic cycle (as shown in Equation
3.13). The Carnot efficiency is calculated for the refrigerant cycle, for which the temperature
differs from the water cycle by a pinch point temperature ATygx. In this study, the pinch
point temperature in the heat exchanger of the heat pump is assumed to be 2.5 K [29, 50].

T
Ty —1Tc
Where ncarnot is the Carnot efficiency [-], T is the temperature of the hot reservoir [K] and

T¢ is the temperature of the cold reservoir [K]. The fraction of Carnot is defined as in Equation
3.14.

TICarnot = (313)

o OOPreal

fr= e

TICarnot

Wherer fr is the fraction of Carnot efficiency, CO P,.q; is the actual COP of the heat pump and
Ncarnot 18 the Carnot efficiency.

The available performance map provided by Daikin limits the condenser outlet temperature

to 60 °C, but the desired temperature for the radiator circuit is 65 °C. To address this limitation,

a graph (Figure 3.16a) is presented in which the fraction of Carnot efficiency is plotted against

(3.14)
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the condenser temperature for different evaporator temperatures (represented by the solid line).
To extend the available data beyond 60 °C, a second-order polynomial trendline is fitted to the
existing data (represented by the dotted line).

Similarly, the evaporator temperature in the performance map is limited to 30 °C, but the
desired temperature for the DH network is up to 55 °C. To extrapolate the available data, a
graph (Figure 3.16b) is presented in which the fraction of Carnot efficiency is plotted against the
evaporator temperature (represented by the solid line). In this case, a linear trend is perceived,
and a linear trendline is used to extend the available data beyond 30 °C (represented by the
dotted line).
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Fraction of Carnot efficiency [-]
Fraction of Carnot efficiency [-]

a) Condenser outlet temperature Teana [K] b) Evaporator temperature Teva [K]

Figure 3.16: Expansion of the performance map: a) expansion of T,g up to 65 °C (dotted
line), b) expansion of Tiyqp up to 55 °C (dotted line).

3.4.5 Booster electric heater

As an alternative for a booster heat pump, an instantaneous electric heater is proposed. The
electric heater is modelled as an immersive heater which adds heat directly into a storage tank.
The size of the storage tank for DHW water is set to 150 1 and the water is stored at 55 °C [31].
The performance of the electric heater is assumed to be 100%, as in Zvingilaite et al. [29].
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Chapter 4

Dymola

For the modelling of the network, the software Dymola of Dassault Systéemes is used. Dymola
makes use of the Modelica language, which is a language for component-oriented modelling
of complex physical systems in multiple fields such as mechanics, electrics, hydraulics and
thermodynamics [85]. Dymola, which is short for Dynamic Modeling Laboratory, provides an
intuitive interface for model creation, testing, simulation and post-processing [86]. Libraries with
components are available to use, both commercial and free. For the modelling and simulation
in this work, the Modelica Standard Library (version 4.0.0) [87], IDEAS library (version 3.0.0)
[88] and Buildings Library (version 9.0.0) [89] are used. For easier understanding of the figures
presented in this section, Appendix C provides a description of the used components and their
respective icons.

4.1 Description of the house models

For each scenario, a house model is built, resembling the heating and booster technologies for SH
and DHW. In this section, the house models are shown and the control is discussed. In Section
4.2, the house models are connected into a district heating network with piping, a circulation
pump and central heat source.

Scenario 1: non-refurbished, 75 °C, no booster

In scenario 1 water for SH and DHW is heated via a heat exchanger. An image of the Dymola
model can be seen in Figure 4.1. Water from the district heating network enters the house model
via port ‘DH_Supply’ and leaves via port ‘DH_Return’. The left side of the model represents the
SH circuit, and the right side the DHW circuit. A valve is added on both sides to control the
mass flow rate from the district supply line through the heat exchangers. The valve actuation
is controlled with a limited PID controller to reach the desired temperature at the secondary
side of the heat exchanger. To determine the PID constants, a pulse signal is applied and the
response is generated in a simulation. The signal and the response are used in an online tool to
define suitable PID constants [90]. The mass flow rate at the secondary side is dictated by the
SH and DHW demand. The ‘SH_demand’ and ‘DHW _demand’ ports are used to receive data
from a data file outside the model. A mass flow controlled pump transports the amount of hot
water that is requested by the occupants. The settings used in scenario 1 are given in Table
4.1.
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Table 4.1: Simulation settings scenario 1.

Component Simulation settings

PID valves k=0.014, Ti=25s, Td =125
Valve SH Mpom = 0.11 kg/s, Apnom = 0.5 bar
Valve DHW Mnom = 0.08 kg/s, Apnom = 0.5 bar

Heat exchangers ¢ = 0.8

DH_Supply

tH_demand

gain

DHW_demand

<

_ DHW_hat

SH_supply Pump_SH !|H_hot

He ™ xay

SH_return

HS 2nE
MHO BAEN,
-

const2 PID Tl
—P | N
kgE+273.. & |

Figure 4.1: Dymola model of scenario 1: non-refurbished, 75 °C, no booster.

Scenario 2: non-refurbished, 55 °C, booster HP for SH

The DH supply temperature in scenario 2 is 55°C. DHW preparation is possible with a heat
exchanger, but a booster unit is needed to elevate the temperature to 65°C for SH. Figure 4.2
presents an image of the Dymola model of scenario 2. A booster HP of 10 kW is installed in
this case, based on the SH peak demand in the buildings. The heat pump is connected to the
DH network at the evaporator side, and to the SH circuit at the condenser side. Modulation is
used to control the heat pump, instead of on-off control. On-off control leads to time-consuming
simulations due to the high number of events. Modulation on the other hand, smoothly controls
the electrical power of the heat pump. The COP of the working point is then held constant,
while the electric power is scaled. Variations of the COP in part load are not taken into account.
A PID controller is used to assure the condenser outlet temperature is equal to 65°C. A valve
between the heat pump and DH network controls the mass flow rate in the evaporator heat
exchanger. The valve is controlled with the same PID controller of the heat pump. In this
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way, the valve opening is synchronised with the working of the heat pump, and the return
temperature can be set to 25°C by choosing the appropriate nominal mass flow rate. DHW
heating is done using a heat exchanger and a control valve, assuring a DHW temperature of
45°C, similar to scenario 1. The constants used in the simulation are displayed in Table 4.2.

Table 4.2: Simulation settings scenario 2

Components Simulation settings

Booster heat pump Poom = 10 kW

PID booster heat pump k = 0.0125, Ti =75s, Td =0 s

PID valve DHW k=0.014, Ti=25s, Td =12 s
Valve SH Mpom = 0.05 kg/s, Ap = 0.5 bar

Valve DHW Mpom = 0.08 kg/s, Ap = 0.5 bar

Heat exchanger e =0.8
DH_Supply
SH_demand e PID2 _ DHW_demand!
realExpression
-< \ 55 + 27...

k=1/20/4.18
SH_Supply

DHW_hot

Pump_SH

SH_hot

Cold_tap_w...

SH_Return = g PID constd
i i
] =}
: 2 N -
3
= = ? k=45 +273.15
5 =
=
o -] &
Es - 3

DH,éE‘Uf”

Figure 4.2: Dymola model of scenario 2: non-refurbished, 55 °C, booster HP for SH.

Scenario 3: non-refurbished, 55 °C, booster electric heater for SH

In scenario 3, the SH temperature is boosted with an electric resistive heater element. Figure
4.3 presents the Dymola model of scenario 3. The water for SH is first preheated to 47°C. The
resistive heater is assumed to perform at 100 % efficiency. In the model, this is represented
by a prescribed heat flux in a mixing volume. In practice, a resistive heater has a fixed power
and should be turned on and off according to the temperature in the mixing volume. However,
in the simulation model, a PID controller scales and controls the power of the heat flux. By
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measuring the temperature in the mixing volume, the heat flux is regulated to achieve a setpoint
temperature of 65°C, as on-off control could lead to numerous events in the simulation, increased
simulation times, and larger data files. Similar to scenarios 1 and 2, the DHW is heated with a
heat exchanger, and the mass flow is controlled using a valve to reach a setpoint temperature
of 45°C. The settings used in scenario 3 are listed in Table 4.3.

Table 4.3: Simulation settings scenario 3.

Components Simulation settings

PID valves k= 0.014, Ti =25s, Td = 12 s
Valve SH Mnom = 0.03 kg/s, Ap = 0.5 bar
Valve DHW Mnom = 0.08 kg/s, Ap = 0.5 bar

Mixing volume 'V = 2001
Heat flux Qmaz = 10 kW

Heat exchangers € = 0.8

DH_Supply
PID2
realExpression1
65+ 27
DHW_demand
realExpression -
Electric.
SH_des
Electric_boiler
prescribedHe....
1]
5
= h=3 DHW_hot
K=1/20/8.180 z -Ha«: o A bou2

SH_Supply

Pump_SH SH_to_tank

He ¥y

SH_Return

MHO BnER,

[SERELIEN

const2 PID

—

k=4T + 27315 ?

PID1 const4
it

sk 3 \H—
g

T k=45 + 273.15
DH_?etum

Figure 4.3: Dymola model of scenario 3: non-refurbished, 55 °C, booster electric heater for SH.

HE™Wwiniay

Scenario 4: non-refurbished, 45 °C, booster HP for SH and DHW

In scenario 4, a booster heat pump is needed to meet the SH and DHW temperature require-
ments, as the DH network temperature is set to 45°C. The Dymola model for this scenario
is presented in Figure 4.4. The evaporator of the booster heat pump is connected to the DH
network, and the condenser side is linked to a circuit that supplies the radiators and a storage
tank for DHW. In practice, the water circulates directly through the radiators. In the model
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however, the circuit of the booster heat pump and the radiator circuit are separated with a heat
exchanger. To mimic the real situation the effectiveness of the heat exchanger is set to 1. The
mass flow rate through the heat exchanger is regulated by a valve using a PID controller, as in
scenarios 1 to 3. The hot water coming from the booster heat pump also circulates through a
storage tank via an internal heat exchanger, raising the temperature in the tank. A hysteresis
loop controls the mass flow rate through the internal heat exchanger, by opening a valve when
the tank temperature drops to 45°C, and closing again when the temperature reaches 60°C.
Similar to scenario 2, modulation is used to size the power output of the heat pump. The nom-
inal power of the heat pump is set to 10 kW, based on the peak SH and DHW demand. A PID
controller is employed to define the level of modulation and opening of the valve, controlling the
mass flow rate through the evaporator side. The nominal mass flow rate through the valve is
chosen such that the return temperature is 25°C. Table 4.4 provides an overview of the settings
used in the simulation of scenario 4.

Table 4.4: Simulation settings scenario 4.

Components Simulation settings

Booster heat pump Poom = 10 kW

PID valves and heat pump k= 0.014, Ti =25s, Td =125

Valve SH Mnom = 0.1 kg/s, Ap = 0.5 bar
Valve DHW Mnom = 0.1 kg/s, Ap = 0.5 bar
Valve heat pump Mnom = 0.09 kg/s, Ap = 0.5 bar
Storage tank V=1501

Hysteresis Tonin = 45 °C, Tipae = 60 °C
Heat exchanger e=1
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Figure 4.4: Dymola model of scenario 4: non-refurbished, 45 °C, booster HP for SH and DHW.

Scenario 5: refurbished, 55 °C, no booster

Scenario 5 differs from the previous four scenarios in that it considers refurbished buildings
instead of non-refurbished ones. The key difference is the use of underfloor heating instead of
radiators, which reduces the requirements for the DH network temperature. The lower limit for
the DH network temperature is now determined by the DHW preparation requirements. In this
scenario, the DH network temperature is set to 55°C, but the model is quite similar to scenario
1, as shown in Figure 4.5. Heat exchangers are used to increase the water temperature for SH
and DHW, and valves regulate the mass flow from the DH network using a PID controller to
achieve the desired temperature level. No booster heat pump or electric heater is necessary.
The simulation settings for scenario 5 are presented in Table 4.5.

Table 4.5: Simulation settings scenario 5.

Component Simulation settings

PID valves k=0.014, Ti=25s, Td =12 s
Valve SH Mnom = 0.21 kg/s, Apnom = 0.5 bar
Valve DHW Mnom = 0.08 kg/s, Apnom = 0.5 bar

Heat exchangers ¢ = 0.8
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Figure 4.5: Dymola model of scenario 5: refurbished, 55 °C, no booster.

Scenario 6: refurbished, 45 °C, booster HP for DHW

In scenario 6, the DH network temperature has been reduced to 45°C, which means that a
booster heat pump is necessary for DHW preparation. The Dymola model of scenario 6 can
be seen in Figure 4.6. The right hand side of the figure shows the DHW preparation. The
heat pump model is connected to the DH network at the evaporator side, and to a circuit with
storage tank at the condenser side. The water in the circuit is heated and passes through the
storage tank with an internal heat exchanger, elevating the temperature in the storage tank. A
hysteresis control loop is used to control the heat pump power. When the temperature in the
storage tank drops below 45°C the heat pump is turned on, until 55°C is reached. The opening
of the valve at the evaporator side of the heat pump is controlled with the same hysteresis loop.
On the left hand side, the water for SH is heated with a heat exchanger, as in scenario 5. A
valve controls the mass flow through the heat exchanger to ensure that the water temperature
reaches 35°C. Table 4.6 presents an overview of the simulation settings used in scenario 6.
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Table 4.6: Simulation settings scenario 6.

Components Simulation settings

Booster heat pump Pom = 2 kW

Valve SH Mnom = 0.1 kg/s, Ap = 0.5 bar

Hysteresis Tonin = 45 °C, Tipae = 55 °C

Valve DHW Mnom = 0.1 kg/s, Ap = 0.5 bar

Storage tank V=1501

Heat exchanger e =0.8

DH_Supply
DHW_demand
SH_demand gain realExpr hysteres. ..
K=110/4.].
bou T

DHW_hot1 bo

Pump_SH SH_hot

HS X8y

boub

bou2

const3 PID2

=
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=
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Figure 4.6: Dymola model of scenario 6: refurbished, 45 °C, booster HP for DHW.

Scenario 7: refurbished, 45 °C, booster electric heater for DHW

Scenario 7 maintains the DH network temperature of scenario 6, but instead of using a booster
heat pump, an electric heater is employed to increase the DHW temperature. Figure 4.7 depicts
the Dymola model for scenario 7. Cold tap water is initially preheated to 37°C using a heat
exchanger and then stored in a mixing volume, which represents the storage tank. A PID
controller regulates the valve opening to achieve the setpoint temperature of 37°C. The electric
heater is assumed to be 100% efficient and is represented in the model by a prescribed heat flux
of 2000 W. A hysteresis loop is utilized to control the temperature in the storage tank. When
the temperature falls below 45°C, the electric heater is activated, and when it exceeds 60°C,
the electric heater is turned off. The heating of water for SH is performed as in scenarios 5 and
6, and can be seen on the left-hand side of the figure. Table 4.7 provides an overview of the
simulation settings applied in scenario 7.

62



Table 4.7: Simulation settings scenario 7.

Components Simulation settings

Electric heater Poom = 2 kW

PID valves k=0.014, Ti=25s, Td =12 s
Valve SH Mnom = 0.11 kg/s, Ap = 0.5 bar
Valve DHW Mnom = 0.1 kg/s, Ap = 0.5 bar

Storage tank V=1501
Hysteresis Tonin = 45 °C, Tipae = 60 °C

Heat exchangers € = 0.8

DH_Supply
SH_demand . hysteresisRel...
gain .
gain realExpression
. g ﬂ (l—4 Electric....
DHW_demand
=1/10/4.18

o

SH_Supply g
'y @ud:
= —
o ™
= DHW_hot DHW

Pump_DHWW

Cold_tap_water

HS ™ anen,

constd . —
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—_—

k=35 +273.15
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Figure 4.7: Schematic and Dymola model of scenario 7: refurbished, 45 °C, booster electric
heater for DHW.

Scenario 8: refurbished, 10 °C, booster HP for SH and DHW

In scenario 8, the water of the DH network is not heated centrally, but distributed at the
temperature of the water of the boreholes at 10°C. Individual water-water heat pumps are
employed to provide SH and DHW in the buildings. Figure 4.8 illustrates the Dymola model
for scenario 8, which is quite similar to the model for scenario 4, with the exception of the SH
setpoint temperature being 35°C in this case. To meet the DHW requirements, the heat pump
condenser outlet temperature is 55°C. Table 4.8 offers an overview of the simulation settings
implemented in scenario 8.
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Table 4.8: Simulation settings scenario 8.

Components Simulation settings

Booster heat pump Poom = 15 kW

PID valves and heat pump k= 0.014, Ti =25s, Td =12 s

Valve SH Mpom = 0.1 kg/s, Ap = 0.5 bar
Valve DHW Mpom = 0.1 kg/s, Ap = 0.5 bar
Valve heat pump Mpom = 0.5 kg/s, Ap = 0.5 bar
Storage tank V=1501
Hysteresis Tonin = 45 °C, Tipae = 55 °C
Heat exchanger e=1
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PID3
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Figure 4.8: Dymola model of scenario 8: refurbished, 10 °C, booster HP for SH and DHW.

4.2 Description of the network model

The house models presented in Section 4.1 serve as the basis for constructing the DH network
model, which is illustrated in Figure 4.9. The network consists of 35 houses which are inter-
connected by a supply pipe line and a return pipe line. Due to the repetitive character of
the network lay-out, arrays are used for the ease of modifying the used house model and pipe
dimensions for the different scenarios. The use of arrays allows to include a model multiple
times without displaying it in the diagram view. Interconnections between the repeated models
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can be described in the text view. The model shown in Figure 4.10 contains one of the house
models and a pipe segment of the supply and the return pipe. This model is repeated with the
use of arrays and is represented by the brown house in Figure 4.9. The central heat pump is
not included in the Dymola model, but represented by an ideal source with given temperature
and pressure. The performance and electricity consumption of the central heat pump are com-
puted during post-processing using the mass flow rate through the network and the temperature
at the end of the return pipe. Circulation pumps (see Table 3.4) are used to compensate for
pressure losses in the network. One pump ensures a constant pressure increase of 0.5 bar to
compensate for the constant pressure loss of 0.5 bar over the substation. The second pump is
used to compensate the pressure loss in the pipes, which depends on the mass flow rate. The
building in the middle of the network, the 18th house in this instance, is expected to have the
greatest pressure loss. To maintain a pressure drop of 0.5 bar across the substation at all times,
a PID controller regulates the delivered pressure increase of the second pump by changing the
speed of the pump. Two tables containing data for SH and DHW demand are included in the
model and connected to the corresponding house.

PID

SetPoint
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PressureDrop
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system

defa
L

aoinogieay

E-‘T_@

Circulation . Circulation

T
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Figure 4.9: District heating network model.
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Figure 4.10: House model with supply and return pipe segment to be repeated with an array.

4.2.1 Pipe model

The Modelica Standard Library provides a dynamic pipe model. In this model, the pipe is
divided in segments and for each segment the partial differential equations are solved, also called
the finite volume method [91]. This model leads to long simulation times. For the purpose of
simulating a district heating network, only mass flow rate, pressure drop and temperature are
important parameters. Therefore, a less complex pipe model is created and used in the DH
network model. The created pipe model can be seen in Figure 4.11.

PressureDrop

realExpression
HeatTr....

pori_a :ﬁ Tf pori_b
@ )

Inlet_Temper... hea idealSource

Diameter

>

HeatTransferCoefficient

>

Figure 4.11: New pipe model.

The model imposes a heat loss and pressure drop on the passing flow. Heat is extracted
with an ideal heater. Using the inlet temperature, the corresponding heat loss is calculated as
in Equation 4.1:

Q = U-Il- (Tinlet - Tsoil) (41)
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Where Q is the extracted heat [W], U is the heat transfer coefficient of the pipe [W/mK], I
is the length of the pipe [m], Ty is the temperature at the pipe’s inlet [K] and Ty, is the
temperature of the soil [K].

An ideal pressure source introduces a pressure drop in the pipe. The pressure is calculated
with the Darcy - Weisbach equation, given in Equation 4.2:

81 frn?
Ap = Dopn? (4.2)
Where Ap is the pressure loss in the pipe [Pal, [ is the length of the pipe [m], f is the Darcy
friction factor, 7 is the mass flow rate through the pipe [kg/s|, D is the diameter of the pipe
[m] and p is the density of the passing fluid [kg/m3].

Only the inlet temperature, mass flow rate and friction factor are variable during simulation.
The density of the fluid depends on the medium used in the models. In this case, ‘Simple liquid
water medium’ is used, which has a constant density of 995.586 kg/m?® [92]. Length, diameter
and heat coefficient of the pipe are parameters requested from the end user. The Darcy friction
factor is calculated using the Haaland equation [73], as described in Equation 3.2.
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Chapter 5

Results

This chapter presents the results of a comparison of the eight proposed scenarios for an renewable
energy-based DH network in terms of primary energy use and energy efficiency. The analysis
begins by observing thermal power of the central heat pump. Next, the heat losses in the network
are compared to highlight the importance of the supply and return temperature. Finally, a
comparison of the primary energy use and energy efficiency of the scenarios is made, which takes
into account the energy use of the circulation pumps, the central heat pump, and decentralized
booster units. It is important to note that scenario 6 is simulated in a slightly different manner
compared to the other scenarios. The explanation and discussion can be found in Appendix D.
In Table 5.1, the investigated scenarios are repeated for ease of following the interpretation of
the results.

Table 5.1: Investigated scenarios.

State of the Network Booster technology Booster technology usage
building temperature Heat pump  Electric heater ~ Domestic hot water — Space heating

1 Non-refurbished 75 °C

2 Non-refurbished 55 °C X X

3 Non-refurbished 55 °C X X

4 Non-refurbished 45 °C X X X

5 Refurbished 55 °C

6 Refurbished 45 °C X X

7 Refurbished 45 °C X X

8 Refurbished 10 °C X X X

5.1 Central heat pump

The thermal and electric power of the central heat pump, as well as the total mass flow rate
and temperature drop in the network are given in Table 5.2. The size of the central heat pump
corresponds to the share of the thermal energy that it delivers to the end-users. That is why
in scenarios 1 and 5, where the network operates without booster units, the thermal power is
greatest for respectively non-refurbished and refurbished buildings. It can also be noticed that
the decreased SH demand in refurbished buildings results in a reduced thermal power of the
heat pump, which offers the possibility to opt for a smaller central heat pump or to include more
buildings in the network. In scenarios with a booster unit, the size of the central heat pump
can be reduced since the thermal energy demand is partially covered by the booster units. In
such cases, the size of the central heat pump is mainly determined by the mass flow rate and
temperature drop in the network. Scenario 3 (55°C, electric heater for SH) exemplifies this,
where both the mass flow rate and temperature drop are low, resulting in lower thermal power
requirements for the central heat pump. This can be explained by the limited temperature drop
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in the heat exchanger for SH.

Table 5.2: Thermal and electric power of the central heat pump, and mass flow rate and
temperature drop in the network.

Scenario Symbol 1 2 3 4 5 6 7
Network supply temperature [°C| Tsupply 75 55 55 45 55 45 45
Refurbished - No No No No Yes Yes Yes
Thermal power central heat pump kW] Qcn 330 300 110 270 260 185 210
Electric power central heat pump kW] Py cop 142 84 31 60 72 41 47
Max total mass flow rate [kg/s] Mot maz 2.87 225 1.40 288 229 27 266
Average temperature drop [*C| Toupply — Treturn  25.8 223 87 227 181 16.7 13.7

Figure 5.1 displays the distribution of the thermal power of the central heat pump over the
course of one year for scenarios 1 and 5 (non-refurbished and refurbished, no booster). It can
be observed that the central heat pump operates at part load for a significant portion of the
time. Although differences in part load efficiency have not been considered, they may have an
important impact on the total energy consumed by the central heat pump. Nevertheless, an
analysis of the electric power curves reveals that the part load fraction is nearly identical across
all scenarios, allowing for valid comparisons between them.

350

—— Scenario 1
300 ——— Scenario 5

250
200
150
100

50

Thermal power central heat pump [kW]

0 T T T T T T T T
0 50 100 150 200 250 300 350

Time [days]

Figure 5.1: Thermal power central heat pump in scenarios 1 and 5 during one year.
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5.2 Heat losses

Heat losses in the distribution network are caused by the temperature difference between the
water in the network and the surrounding soil. Consequently, these losses are closely linked to
the temperature of the water in the supply and return pipes. In Figure 5.2, the heat losses are
presented in decreasing order of the network supply temperature. As expected, a clear trend
of decreasing heat losses is observed as the network supply temperature decreases. However,
scenarios 2, 3, and 5 share the same network supply temperature. The variation in heat losses
among these scenarios can be attributed to the difference in the average return temperature, as
a significant portion of the heat losses occurs in the return pipe. The same principle applies to
scenarios 4, 6, and 7.

In scenarios that employ a heat pump as booster unit the return temperature is lower, com-
pared to scenarios where heat is extracted from the network through a heat exchanger. This
is a consequence of the limited temperature drop in a heat exchanger, which depends on the
temperature of the medium on the secondary side, in this case water returning from the ra-
diator circuit or cold tap water. Booster heat pumps can reach lower return temperatures in
comparison to direct heat exchange or electric heaters, resulting in reduced heat losses.

I Heat losses —»— Average return temperature | 50
40 1 S
= 40 g
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s % g
2 (308
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S 201 <
® r20 @
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0 0
Scenario 1: Scenario 3: Scenario 5: Scenario 2: Scenario 7: Scenatio 6: Scenario 4:
75°C 55°C 55°C 55°C 45°C 45°C 45°C
Electric heater Heat pump  Electric heater Heat pump Heat pump

Figure 5.2: Comparison of the heat losses and the average return temperature.

Table 5.3 displays the total annual heat losses in the network. The relative heat loss can be
expressed as a fraction of the thermal energy delivered by of the central heat pump, as described
in Equation 5.1.

Qlosses
Qcn (5.1)

Where fri,sses is the relative heat loss [-], Qosses is the annual heat loss in the network [MWh]
and Q¢ is the annual thermal energy delivered by the heat pump [MWHh]. By expressing the
amount of heat losses as a fraction of the thermal energy delivered by of the central heat pump,
it can be quantified how large the share of the heat losses is compared to the useful delivered
heat. In most scenarios the relative heat loss accounts for 3.8-7 % of the total delivered heat.
Comparing this to values mentioned in literature (5.0-27.8 % [3, 93, 94]), the heat losses are
considered low in most scenarios and contribute to a high overall energy efficiency. This is
probably a consequence of the limited size and compact lay-out of the DH network, since
networks with larger distances between the consumers suffer from relatively higher heat losses.

frlosses =
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Scenario 3 shows the highest relative heat loss of 22.9%. This can be explained by the limited
delivered heat by the central heat pump and the relatively high return temperature.

Table 5.3: Absolute and relative heat losses in the piping network.

Scenario Symbol 1 2 3 4 5 6 7
Heat losses [MWHh] Qlosses 451 258 32.9 208 29.6 22.9 26.0
Thermal energy central heat pump [kWh] Qe 647 581 144 543 463 395 447
Relative heat loss [%] T Tlosses 70 44 229 38 64 58 58

The heat losses in the network also influence the temperature at the end of the supply pipe.
In Chapter 3, it was assumed that the temperature drop is limited to 2 °C. Observing the
average temperature at the end of the supply pipe in Table 5.4 shows that this is not always
the case. This should be considered in the final design of the network.

Table 5.4: Temperature drop in supply pipe.

Scenario 1 2 3 4 5 6 7

Temperature drop supply pipe [°C] 3.0 1.8 1.8 34 1.9 26 1.7

5.3 Primary energy use and energy efficiency

The total energy use in the DH system is determined by circulation pumps, the central heat
pump, and the decentralized booster units. The annual total energy use for these three com-
ponents is calculated by summing the electric energy use of the circulation pumps, all booster
units and the central heat pump. The total energy use is compared to the total useful energy,
which in this case refers to the thermal energy delivered for SH and DHW. This comparison
is expressed as the energy efficiency of the DH network. The energy efficiency is defined by

Equation 5.2.

B Qsu + Qpaw _ Qsu+Qpaw
Ntot = = (5.2)
Epump + Ebooster + ECH Etot

Where 1, is the energy efficiency of the network [-], Qsy and Qpmw are the thermal energy
delivered for SH and DHW [MWh], Epump, Ebooster and Ecy are the electric energy used by the
circulation pumps, the booster units and the central heat pump [MWh], and Ey is the total
used electric energy [MWh]. The following sections discuss the results and explain the observed
trends. Table 5.7 at the end of the chapter presents the performance, energy use and efficiency
of all components in the investigated scenarios.

5.3.1 Scenarios 1 to 4: non-refurbished buildings

The comparison of the scenarios with non-refurbished buildings is discussed in this section. In
Figure 5.3, the total primary energy use is presented and the distribution of the energy use
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over the central heat pump, booster heat pumps and circulation pumps is visualized. Scenario
2 (55°C, heat pump for SH) shows with 207.2 MWh/year the lowest total energy use of all
investigated scenarios, followed by scenario 4 (45°C, heat pump for SH and DHW) with 213.1
MWh/year. The superior performance of the central heat pump and booster heat pumps in
these scenarios, as shown in Table 5.5, accounts for this outcome. By reducing the DH net-
work temperature, the COP of the central heat pump improves and heat losses in the network
decrease, resulting in lower energy use compared to scenario 1 (75°C, no booster), which has
a total energy use of 279.7 MWh/year. However, scenario 1 only exhibits a 35% higher total
energy use than scenario 2. When cost constraints are considered, scenario 1 could be a viable
option. On the other hand, in scenario 3 (55°C, electric heater for SH) with 535.4 MWh/year,
the energy use is 2.6 times higher than in scenario 2. The largest share of the heat production
in scenario 3 is performed by the electric heater, which has a much lower performance than the
central heat pump or a booster heat pump. This causes the high energy use of the booster elec-
tric heater compared to the central heat pump and circulation pumps. The circulation pumps
in all scenarios contribute to less than 1% of the total energy use.

Based on this analysis, it can be concluded that a DH network at 45°C or 55°C with de-
centralized booster heat pumps for SH or both SH and DHW results in the lowest total energy
use. However, if cost limitations are a concern, a DH network without decentralized boosters
and a supply temperature of 75°C could be considered. It is not advisable to use electric heaters
as booster units for SH, as it would transfer the largest share of the heat generation from the
central heat pump to the decentralized electric heaters with lower performance.

Em Central heat pump
5001 mmm Decentralized booster
B Circulation pumps

400 A

Total primary energy use, E¢r [MWh]

300 A
200 A
100 A
0 .
Scenario 1: Scenario 2: Scenario 3: Scenario 4:
75°C 55°C 55°C 45°C

Heat pump Electric heater Heat pump

Figure 5.3: Comparison of the total primary energy use for scenarios 1 to 4 with non-refurbished
buildings.
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Table 5.5: Performance booster units and central heat pump in scenario 1 to 4.

Scenario 1 2 3 4

COP booster units - 127 1 6.6

COP central heat pump 2.3 3.6 3.6 4.5

5.3.2 Scenarios 5 to 8: refurbished buildings

This section focuses on discussing scenarios related to refurbished buildings. Figure 5.4 com-
pares the total energy use of scenarios 5 to 8, while Table 5.6 presents the performance of the
central heat pump and booster units. Among these scenarios, scenario 6 (45°C, heat pump for
DHW) shows the lowest total energy use with 96.7 MWh/year, followed by scenario 7 (45°C,
electric heater for DHW) with 123.3 MWh/year. In scenario 7, the network preheats the cold
tap water, reducing the share of heat generated by the electric heater. This reduces the effect
of the lower performance of the electric heater compared to the booster heat pump. The total
energy use in scenario 7 is only 28% higher than in scenario 6. If the end-user’s investment
cost is a limiting factor, an electric heater for DHW preparation is certainly worth considering.
Scenario 5 (55°C, no booster) with a supply temperature of 55°C results in reduced perfor-
mance of the central heat pump and increased heat losses, leading to a higher total energy use
(with 130.8 MWh/year) compared to scenarios 6 and 7 with a supply temperature of 45°C.
Scenario 8 (10°C, heat pump for SH and DHW) results in the highest total energy use with
138.3 MWh/year. It is remarkable that the reduction in heat losses by lowering the network
temperature to 10°C is counteracted by the booster heat pump’s lower performance compared
to the central heat pump in the other scenarios.

For refurbished buildings, a DH network at 45 °C with decentralized heat pumps shows lowest
energy use, but also electric heaters may be considered as the energy use is only 28% and in-
vestment cost may be the key factor in the decision making for this network. From the analysis
above, it is also clear that the performance of the central heat pump is a crucial parameter,
and that the reduction of heat losses by lowering the supply temperature does not necessarily
result in the lowest energy use. Therefore, in Chapter 6 a sensitivity analysis is performed on
the COP of the central heat pump and the heat transfer coefficient of the pipes to quantify the
effect on total energy use and the drawn conclusions.
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Figure 5.4: Comparison of the total primary energy use for scenarios 5 to 8 with refurbished
buildings.

Table 5.6: Performance booster units and central heat pump in scenario 5 to 8.

Scenario 5 6 7 8

COP booster units - 77 1 32

COP central heat pump 3.6 4.5 4.5 -

5.3.3 Energy efficiency

Figure 5.5 illustrates the overall system energy efficiency for both non-refurbished buildings
(scenarios 1 to 4) and refurbished buildings (scenarios 5 to 8). When comparing the energy
efficiency, the difference in SH demand is taken into account. The figure clearly demonstrates
that a DH network serving refurbished buildings results in higher energy efficiency across all
investigated scenarios. The most efficient scenario among the refurbished buildings (scenario 6)
achieves an efficiency of 449%, whereas the most efficient scenario among the non-refurbished
buildings (scenario 2) achieves an efficiency of 291%. This indicates that measures to reduces
the temperature requirements for SH are beneficial to increase the overall energy efficiency of
the network.
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Figure 5.5: Comparison of the total energy efficiency of the DH network for scenarios 1 to 8.
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Chapter 6
Sensitivity analysis

In this section, a sensitivity analysis is conducted to assess the impact of varying the COP of
the central heat pump and the heat losses in the network on the overall findings. It aims to
understand how changes in these parameters affect the conclusions drawn from the analysis in
Chapter 5. The network topology, heat demand, and substation layout are assumed to be fixed
and specific to this particular case study.

6.1 Coefficient of performance of the central heat pump

The calculation of the COP of the central heat pump is based on the work of Jesper et al.
[76] as described in Section 3.3.2. The used empirical formula is based on data obtained from
literature or provided by manufacturers. As the network is not currently in operation, the
COP of the central heat pump cannot be directly validated. Nonetheless, the COP serves as a
crucial parameter that influences the electric energy use of the central heat pump. Hence, in
this analysis, the COP is varied to assess its impact on the results and conclusions.

The COP for all scenarios is varied within a range of -20% to +20%, following the approach
by Pieper et al. [95]. The variations in total energy use and energy efficiency are depicted in
Figure 6.1. It can be observed that the COP of the central heat pump has an influence on
the ranking of the scenarios. In non-refurbished buildings, scenario 4 becomes the option with
the lowest total energy use and highest efficiency, although the difference with scenario 2 is
minimal. The conclusion presented in Chapter 5 does not change. For refurbished buildings,
the variation in the COP of the central heat pump influences the ranking of scenarios 5, 7,
and 8, as was expected in the analysis of Chapter 5. When the COP of the central heat pump
decreases, scenario 8 remains unaffected as it does not involve the use of a central heat pump,
and it outperforms scenarios 5 and 7. However, scenario 6 remains the preferred scenario in
terms of both total energy use and energy efficiency.

To provide a quantitative overview, Table 6.1 presents the variation in primary energy use
and energy efficiency for the extreme cases, where the COP of the central heat pump is increased
or decreased by 20%. Observing the table, it is evident that the results of scenarios 1 and 5
are most impacted by variation of the COP of the central heat pump. This can be attributed
to the absence of booster units in these scenarios, making the central heat pump’s performance
relatively more influential. On the other hand, scenario 3 primarily relies on heat from the
network for DHW preparation. The electric heaters contribute the largest portion to the total
primary energy use in this scenario, thereby reducing the impact of COP variations on the
overall results.
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Figure 6.1: Influence on total primary energy use and energy efficiency with a variation of
+/-20% of the COP of the central heat pump

Table 6.1: Influence of variations of the COP of the central heat pump on the total primary
energy use and energy efficiency of the network.

Scenario 1 2 3 4 5 6 7 8

Total primary energy use, P
COP +20% -16.6%  -13.1% -1.3% -11.0% -16.6% -15.3% -13.5% -

COP -20% +24.9% +19.7% +1.9% 16.5% +24.8% +22.9% +203 % -

Energy efficiency, 70t
COP +20% +19.9% +151% +1.3% +124% +19.9% +18.0% +15.6% -

COP -20% -199%  -16.5% -1.9% -142% -19.9% -18.6%  -16.9% -

78



6.2 Heat transfer coefficient

The heat losses in the network are strongly dependent on insulation of the pipes and therefore
on the heat transfer coefficient. Higher heat losses increase the temperature drop in the network,
which results in higher mass flow rates and increased energy use from the central heat pump.
To quantify the influence of the heat transfer coefficient of the pipes on the temperature of
the network and the energy use and energy efficiency, the heat transfer coefficient is varied,
considering a possible range of values found in literature. In the study of Masatin et al. [96]
the heat transfer coefficient is proposed to be a factor for evaluation of the heat loss in a DH
network with respect to the pipe inner diameter. The authors present a correlation between the
heat transfer coefficient and the pipe inner diameter for low-quality insulation and high-quality
insulation, as can be seen in Equation 6.1.

_ Qlosses
K= 2nlAT (6-1)

Where K is the heat transfer coefficient [W/m? /K], Qosses 18 the heat loss in the DH network
[W], 1 is the pipe length [m] and AT is the temperature difference between the water in the
pipes and the ambient [K]. The heat transfer coefficient in the study of Masatin et al. is defined
differently from the coefficient used in this work, and needs to be multiplied by the pipe’s
circumference, as can be seen in Equation 6.2.

U =2rD;K (6.2)

Where U is the heat transfer coefficient as defined in this study [W/m/K], D; is the pipe inner
diameter [m], and K is the heat transfer coefficient as defined by Masarin et al. [W/m?/K]
[96]. Figure 6.2 presents the values as described in the study of Masatin et al. [96], and
the values used in this work. As the heat transfer coefficient already is in the region of high-
quality insulated pipes, the sensitivity analysis will consider increased values of the heat transfer
coefficient. There is no need to evaluate the performance of the DH network with low quality
insulation, as this refers to old DH networks with 50 mm mineral wool insulation, which will
not be the case in the new DH network in Ghent. In this sensitivity analysis, the heat transfer
coefficient of the pipes is increased by 50% in scenarios 1 and 5, to observe the influence on the
results and conclusions drawn in Chapter 5 on two different DH network temperatures.
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Figure 6.2: Heat transfer coefficients for low quality insulation (blue line) and high quality
insulation (orange line) according to Masarin et al. [96], and the heat transfer coefficients used
in this study (green crosses) and in the sensitivity analysis (red crosses).

The influence of the increased heat transfer coefficient is shown in Table 6.2. The total
primary energy use and energy efficiency are affected more at the high network supply temper-
ature in scenario 1. From this, it can be concluded that the insulation thickness will have the
strongest impact in DH networks with high supply temperatures.

Table 6.2: Influence of an increased heat transfer coefficient U of 50% on the total primary
energy use and energy efficiency.

Scenario 1 (75°C) Scenario 5 (55°C)

Total primary energy use, P +34% +29%

Energy efficiency, no -33% -3.0%

80



Chapter 7

Conclusion

District heating networks are proposed as a solution for decarbonizing the building sector as
GHG emissions for space heating and domestic hot water accounts for 35% of the total GHG
emissions in Europe. District heating networks offer the advantage of utilizing low-grade heat
sources such as waste heat or geothermal heat. Recent studies have focused on lowering the
network supply temperature to minimize heat losses in the piping network and enable the in-
tegration of low-grade heat or central heat pumps. However, reducing the supply temperature
necessitates the use of booster units to meet the temperature requirements for space heating
and domestic hot water.

This research analyses the total energy use and energy efficiency of a district heating network
with a central heat pump under different network supply temperatures. The study is based on
a planned pilot project in Ghent, involving 35 residential buildings. Eight scenarios are inves-
tigated, considering both non-refurbished and refurbished buildings, along with booster heat
pumps and booster electric heaters. These scenarios are modelled and simulated using Dymola
(Modelica).

The findings for non-refurbished buildings demonstrate that lowering the supply temperature
to 55°C and 45°C, along with the addition of a booster heat pump, reduces heat losses and
improves the performance of the central heat pump, resulting in the lowest total energy use and
highest energy efficiency. However, when booster units are not used and the network supply
temperature is set at 75°C, the total energy use is only 35% higher compared to the optimal
scenario. The latter scenario is worth considering when the investment cost of booster heat
pumps is high. The use of electric heaters to increase the temperature for space heating is
found to be unfavourable, as it leads to 2.6 times higher total energy use compared to using a
booster heat pump and almost twice as high as the scenario without booster units.

For refurbished buildings, a supply temperature of 45°C with decentralized booster heat pumps
demonstrates the lowest energy use and highest energy efficiency. The use of booster electric
heaters results in only a 28% increase in total energy use and may be an economically viable
alternative. The scenario with a supply temperature of 55°C (without booster units) and the
scenario with a supply temperature of 10°C (with decentralized heat pumps) show similar re-
sults, as the heat losses at 55°C are counterbalanced by the slightly higher performance of the
central heat pump compared to the decentralized heat pumps.

The most efficient scenario among the refurbished buildings achieves an efficiency of 449%,
whereas the most efficient scenario among the non-refurbished buildings achieves an efficiency
of 291%. This indicates that measures to reduces the temperature requirements for SH are
beneficial to increase the overall energy efficiency of the network.
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A sensitivity analysis shows that the coefficient of performance is a crucial parameter in the
analysis of the scenarios with refurbished buildings as it changes the ranking of the scenarios.
However, the optimal scenario remains unchanged. On the other hand, variations in heat losses
have a limited impact on the results, with more noticeable effects observed at higher supply
temperatures.

Future work could focus on optimizing network design and control strategies, which were not

covered in this research. A techno-economic analysis can be performed to formulate a conclusion
on the optimal scenario from cost perspective.
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Appendix A

Data sheets

A.1 FLEXSTAR UNO

FLEXSTAR | FXS 0.115

Sortiment FLEXSTAR

FLEXSTAR UNO (Heizung 6 bar)

FLEXSTAR

in Ringen:
Dimensionen: .
FXS @ 70 - 105 mm

PEX Mediumrohr
PUR Schaum

PE Folie
"LLD-PE Mantel

FLEXSTAR Heizung 6 bar, UNO

Typ PEX i inil Volumen Gewicht maximale
dxs DN  Zoll Dxs1 Wickelradius Innenrohr Lieferlange
mm " mm m I/m kg/m m

25/ 70 25x 2.3 20 % 7x15 0.30 0.32 073 200

32/ 70 32x 29 25 1 7x15 0.30 0.53 0.84 200

40/ 90 40x 37 32 1% 90x 1.6 0.30 0.83 1.25 200

50/ 90 50x 4.6 0 1% 90x 1.6 0.30 130 1.44 200

63/105 63x 5.8 50 2 106x 1.7 0.30 2.07 2.07 200
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m = Durchfluss in kg/h
Oberflachenrauhigkeit ¢ = 0.007 mm (PEX) . 0860 Q = Leistungsbedarf in kW
(1 mmWS = 9.81 Pa) M= AT AT = Temperaturdifferenz
VL/RLin °C
Q [kw]
200000 ‘
A i
1g %p‘
Bl g %,
g %
100000 %
18's %
| S 2
1 70000 %,
—+48
<
R 40000
£
>
1o = 30000 L 63/51.4 mm
=3 1
S °E P
7] A
1s g 4/>< »
o= 20000 my - o 1
g 2
1o 3 ¢4 50/40.8 mm
S H 7 .
T8 @ i e
& g A 2
= 10000 0 g
1els 2 Y 40/32.6 mm
& e 7
AL 2 1
T8 AT g
1e % A
~ 5000 P e -
e P > )< A 1M 32/26.2 mm
TE[ = 4000 ~ 2 LA -~ &
/ Co 1 A
e N > A1 afl
3000 2
15 ’\? P /)
= 2 >< L A Ner| 25/20.4 mm
1 o -
e s 200043 P - ot = = a
<o = — —
Z D
-+3 X Pl A
7 Z =
-+ P A A A
4 AN\ X
1000
88 P P P
r/ g //
T= 4/ /’/
T 500 Pa at
d o
e pd P
/ v
I <]
300 ya
o o S = e® =®sg8resg g g3 ggriiis
o o - 39
d4m N

Druckverlust Ap [Pa/m] ——— P>

28.03.2023 BRUGG

Pipes

92



FLEXSTAR

Warmeverlust

FLEXSTAR (Heizung 6 bar)
FLEXSTAR UNO
Wirmeverluste q [W/m] fiir ein UNO Rohr
Typ U-Wert mittlere Betri | Ts[°C]
[W/mK] 40° 50° 60° 70° 80° 90°
25/ 70 0.1470 44 5.88 7.35 8.82 10.29 11.76
32/ 170 0.1940 5.82 7.76 9.70 11.64 13.58 15.52
40/ 90 0.1880 5.64 7.52 9.40 11.28 13.16 15.04
50/ 90 0.2600 7.80 10.40 13.00 15.60 18.20 20.80
63/105 0.2890 8.67 11.56 14.45 17.34 20.23 2312
FLEXSTAR DUO (Vorlauf und Ricklauf in einem Rohr)
Warmeverluste q [W/m] fiir ein DUO Rohr
Typ U-Wert mittlere Betriebstemperatur Ty [°C]

[W/mK] 40° 50° 60° 70° 80° 90°
25+ 25/ 90 0.2280 6.84 9.12 11.40 13.68 1596  18.24
32 +32/105 0.2510 7.53 10.04 12.55 15.06 17.57  20.08
40 + 40/125 0.2620 7.86 10.48 13.10 15.72 18.34  20.96
50 + 50/150 0.2820 8.46 11.28 14.10 16.92 19.74  22.56

Verlegeart FXS UNO: 2-Rohr erdverlegt
Verlegeart FXS DUO: 1-Rohr erdverlegt
Rohrabstand: a =0.10m
Uberdeckungshéhe: H =0.80m
Erdreichtemperatur: Te =10°C
Leitfahigkeit des Bodens: g =1.0 W/mK
Leitfahigkeit des PUR-Schaumes: APU = 0.024 W/mK
* Leitfahigkeit des PEX-Rohres: APEX =0.38 W/mK
Leitfahigkeit des PE-Mantels: APE  =0.33 W/mK
Messtemperatur fiir A: T, =50°C

28.03.2023

Technische Anderungen vorbehalten
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Warmeverlust im Betrieb:

q=U (Ts -Te) [W/m]

U = Warmedurchgangskoeffizient [W/mK]
Ty = Mittlere Betriebstemperatur [°C]

Tc = Mittlere Erdreichtemperatur [°C]

VL = Vorlauf

RL = Riicklauf
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A.2 Wilo Stratos MAXO 25/0,5-8 PN10-R7
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Vioeistof Water 100 %
Mediumtemperatuur T 20,00 *C
Debiet @ 1,50 Ifs

Opvoerhoogte (drukeenheid)

5,10 m (49,94 kPa)

Geleverd debiet

1,50 1fs

Opvoerhoogte (drukeenheid) in het bedrijfspunt

5,10 m (49,94 kPa)

Toerental op het bedrijfspunt 2.861 1/min
Totaal opgenomen elektrisch vermogen op bedrijfspunt 0,13 kW
Totaal asvermogen op bedrijfspunt 0.09 kW
NPSH pump @ BP 113m
Hydraulisch rendement in het bedrijfspunt 80,11 %
Totaal rendement in het bedrijfspunt 50.28 %
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Wilo Stratos MAXO 30/0,5-12 PN 16
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Vloeistof Water 100 %
Mediumtemperatuur T 20,00 =C

Debiet @ 1,50 Ifs
Opvoerhoogte (drukeenheid) 8,87 m (86,86 kPa)
Geleverd debiet 1,501(s
Opvoerhoogte (drukeenheid) in het bedrijfspunt 8,87 m (86,86 kPa)
Toerental op het bedrijfspunt 3.702 1/min
Totaal opgenomen elektrisch vermogen op bedrijfspunt 0,24 kW

Totaal asvermogen op bedrijfspunt 0,18 kW

NPSH pump @ BP 1,37 m
Hydraulisch rendement in het bedrijfspunt 73,04 %

Totaal rendement in het bedrijfspunt 51,74 %
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A.4 Wilo Stratos

MAXO 32/0,5-12 PN6/10-R7

Hi'm J Opyosthoogte
e e T

45
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Vioeistof Water 100 %
Mediumtemperatuur T 20,00 °C
Debiet @ 2,001/s

Opvoerhoogte (drukeenheid)

8,87 m (86,86 kPa)

Geleverd debiet

1,99 /s

Opvoerhoogte (drukeenheid) in het bedrijfspunt

8,78 m (85,94 kPa)

Toerental op het bedrijfspunt 3.612 1/min
Totaal opgenomen elektrisch vermogen op bedrijfspunt 0,27 kW
Totaal asvermogen op bedrijfspunt 0,20 kw
NPSH pump @ BP 2,40 m
Hydraulisch rendement in het bedrijfspunt 83,81 %
Totaal rendement in het bedrijfspunt 63,36 %




A.5

Wilo Stratos MAXO 40/0,5-12 PN 16
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Vioeistof Water 100 %
Mediumtemperatuur T 20,00°C
Debiet Q 3,00 Ifs

Opvoerhoogte (drukeenheid)

8,87 m (86,86 kPa)

Geleverd debiet

3,001fs

Opvoerhoogte (drukeenheid) in het bedrijfspunt

8,87 m (86,86 kPa)

Toerental op het bedrijfspunt 2.887 1/min
Totaal opgenomen elektrisch vermogen op bedrijfspunt 0,38 kw
Totaal asvermogen op bedrijfspunt 0,30 kw
NPSH pump @ BP 1,54 m
Hydraulisch rendement in het bedrijfspunt 84,86 %
Totaal rendement in het bedrijfspunt 65,26 %
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A.6 Wilo Stratos MAXO 50/0,5-12 PN16
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Vloeistof Water 100 %
Mediumtemperatuur T 20,00°C
Debiet Q 5001/s

Opvoerhoogte (drukeenheid)

8,87 m (86,86 kPa)

Geleverd debiet

4,671/s

oOpvoerhoogte (drukeenheid) in het bedrijfspunt

7,72 m (75,63 kPa)

Toerental op het bedrijfspunt 2.631 1/min
Totaal opgenomen elektrisch vermogen op bedrijfspunt 0,53 kw
Totaal asvermogen op bedrijfspunt 0,42 kw
NPSH pump @ BP 2,62 m
Hydraulisch rendement in het bedrijfspunt 84,60 %
Totaal rendement in het bedrijfspunt 67,17 %
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Appendix B

Pipe dimensions

Table B.1: Dimensions segments supply pipe.

Scenario 1 2 3 4 5 6 7 8
Pipe segment  Length [m] Diameter [m]
1 20 0.05 005 0.04 0.063 005 0.056 0.063 0.09
2 5 0.05 0.05 0.04 0.063 0.05 0.056 0.063 0.09
3 5 0.05 0.05 0.04 0.063 005 0.056 0.063 0.09
4 5 0.05 005 0.04 0.063 005 0.05 0.063 0.09
) 5 0.05 0.05 0.04 0.063 0.05 0.06 0.063 0.09
6 5 0.05 005 0.04 0.063 005 0.05 0.063 0.09
7 5 0.05 0.05 0.04 0.063 0.05 0.06 0.05 0.09
8 5 0.05 005 0.04 0063 005 0.04 005 0.09
9 5 0.05 0.05 0.04 0.063 0.05 0.04 0.05 0.09
10 5 0.05 005 0.04 0.063 005 0.04 005 0.09
11 5 0.05 0.04 0.04 0.063 0.05 0.04 005 0.09
12 5 0.05 004 0.04 0.063 005 0.04 0.05 0.09
13 5 0.05 0.04 0.04 0.063 005 0.04 005 0.09
14 5 0.05 0.04 0.04 0.063 005 0.04 0.05 0.09
15 5 0.05 004 004 0063 005 0.04 005 0.09
16 5 0.05 0.04 0.04 0.063 004 0.04 0.05 0.09
17 5 0.05 004 004 005 004 0.04 0.05 0.063
18 5 0.04 004 004 0.05 004 0.04 0.05 0.063
19 5 0.04 004 0.032 0.05 004 0.04 0.05 0.063
20 5 0.04 0.04 0.032 005 004 0.04 004 0.063
21 5 0.04 0.04 0.032 0.05 0.04 0.032 0.04 0.063
22 5 0.04 0.04 0.032 0.05 004 0.032 0.04 0.063
23 5 0.04 0.032 0.032 0.05 0.04 0.032 0.04 0.063
24 5 0.04 0.032 0.032 0.05 0.04 0.032 0.04 0.063
25 5 0.04 0.032 0.032 0.05 0.032 0.032 0.04 0.063
26 5 0.032 0.032 0.032 0.04 0.032 0.032 0.04 0.05
27 5 0.032 0.032 0.025 0.04 0.032 0.032 0.032 0.05
28 5 0.032 0.032 0.025 0.04 0.032 0.032 0.032 0.05
29 5 0.032 0.025 0.025 0.04 0.032 0.025 0.032 0.05
30 5 0.032 0.025 0.025 0.04 0.032 0.025 0.032 0.05
31 5 0.025 0.025 0.025 0.032 0.025 0.025 0.032 0.04
32 5 0.025 0.025 0.025 0.032 0.025 0.025 0.025 0.04
33 5 0.025 0.025 0.025 0.032 0.025 0.025 0.025 0.032
34 5 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.032
35 5 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025
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Table B.2: Dimensions segments return pipe.

Scenario 1 2 3 4 5 6 7 8
Pipe segment  Length [m] Diameter [m]
1 ) 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025
2 ) 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.032
3 ) 0.025 0.025 0.025 0.032 0.025 0.025 0.025 0.032
4 ) 0.025 0.025 0.025 0.032 0.025 0.025 0.032 0.04
) ) 0.025 0.025 0.025 0.032 0.025 0.025 0.032 0.04
6 ) 0.032 0.025 0.025 0.04 0.032 0.025 0.032 0.05
7 ) 0.032 0.025 0.025 0.04 0.032 0.025 0.032 0.05
8 ) 0.032 0.032 0.025 0.04 0.032 0.025 0.032 0.05
9 ) 0.032 0.032 0.025 0.04 0.032 0.032 0.032 0.05
10 ) 0.032 0.032 0.032 0.04 0.032 0.032 0.04 0.05
11 ) 0.04 0.032 0.032 0.05 0.032 0.032 0.04 0.063
12 ) 0.04 0.032 0.032 0.05 0.04 0.032 0.04 0.063
13 ) 0.04 0.032 0.032 0.05 0.04 0.032 0.04 0.063
14 ) 0.04 0.04 0.032 0.05 0.04 0.032 0.04 0.063
15 ) 0.04 0.04 0032 0.05 0.04 0.032 0.04 0.063
16 ) 0.04 0.04 0032 0.05 0.04 0.04 0.04 0.063
17 ) 0.04 0.04 0.032 0.05 0.04 0.04 0.06 0.063
18 ) 0.04 0.04 0.032 0.05 0.04 0.04 0.06 0.063
19 ) 0.05 0.04 004 005 0.04 0.04 0.05 0.063
20 ) 0.05 0.04 004 0.063 0.04 0.04 0.05 0.09
21 ) 0.05 0.04 004 0.063 0.05 0.04 0.05 0.09
22 ) 0.05 0.04 004 0.063 0.05 0.04 0.05 0.09
23 ) 0.05 0.04 004 0.063 0.05 0.04 0.05 0.09
24 ) 0.05 0.04 004 0.063 0.05 0.04 0.05 0.09
25 ) 0.05 0.04 004 0.063 0.05 0.04 0.05 0.09
26 ) 0.05 0.05 004 0.063 0.05 0.04 0.05 0.09
27 ) 0.05 0.06 004 0.063 0.05 0.04 0.05 0.09
28 ) 0.05 0.06 004 0.063 0.05 0.04 0.05 0.09
29 ) 0.05 0.05 004 0.063 0.05 0.05 0.05 0.09
30 ) 0.05 0.05 004 0.063 0.05 0.05 0.063 0.09
31 ) 0.05 0.06 004 0.063 0.05 0.05 0.063 0.09
32 ) 0.05 0.05 004 0.063 0.05 0.05 0.063 0.09
33 ) 0.05 0.05 004 0.063 0.05 0.05 0.063 0.09
34 ) 0.05 0.06 004 0.063 0.05 0.05 0.063 0.09
35 100 0.05 0.05 004 0.063 0.05 0.05 0.063 0.09
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Appendix C

Dymola components

In this Appendix, a brief explanation of the used components is provided. For the modelling
and simulation in this work, the Modelica Standard Library (version 4.0.0) [87], IDEAS library
(version 3.0.0) [88] and Buildings Library (version 9.0.0) [89] are used. Figure C.1 shows the
icon of all used components in Dymola. The models are described in the same order.

EE A%

HP_Water... ConstantE...  StratifiedE... FlowContr... TwoWayLi...
- =
MixingVol. .. Boundary... Heater IdealPress ...
Reallnput ) CombiTim. .. Constant
FluidPort realExpre. ..
@ —j = — oo b
Prescribe...
k=65 + 27 ..
LimPID Hysteresi... T Gain
I
SR A »D
A Temperatu... k=1

Figure C.1: Components used in Dymola.

Water-to-water heat pump The IDEAS.Fluid.HeatPumps. HP_Water Water_OnOff model
is used to represent a booster heat pump. The model implements a water-to-water heat pump
with given performance map. Performance maps of existing Vitocal heat pumps are available,
but the user can provide performce data as well. The heat pump is switched on or off based on a
temperature setpoint or an external signal. The model provides the possibility to modulate the
heat pump power output. The COP remains constant but the electric power is scaled according
to a given input.

Heat exchanger  The IDEAS.Fluid.HeatExchangers.ConstantEffectiveness model transfers

heat in the amount of Q = eQumax Where € is a constant effectiveness and Quax is the maximum
heat that can be transferred. The equations that are implemented in the model are given in
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Equation 3.4-3.7

Storage tank with internal heat exchanger  The IDEAS.Fluid.Storage.StratifiedEnhanced
InternalHex model represents a storage tank for thermal energy storage with a built-in heat ex-
changer. The tank’s volume, the tank’s dimensions and heat exchanger properties are to be
specified by the user.

Pump The IDEAS.Fluid.Movers.FlowControlled_m_flow model describes a fan or pump
with prescribed mass flow rate. Also the IDEAS.Fluid.Movers.FlowControlled_dp model and
IDEAS.Fluid.Movers.SpeedControlled_y model are used and are pressure and speed controlled,
but have the same icon. Based on a given performance map and pressure curve, defined in
record ‘per’, the efficiency is computed. Existing data from a Wilo Stratos are available in the
IDEAS library.

Valve The IDEAS.Fluid.Actuators.Valves. TwoWayLinear valve has a linear opening char-
acteristic. The model requires a nominal mass flow and nominal pressure drop to size the valve.
The actuator position can be given as input.

Storage tank  The IDEAS.Fluid.MixingVolumes.MixingVolume model represents a instan-
taneously mixed volume. Potential and kinetic energy at the port are neglected and there is
no pressure drop over the ports. Heat transfer can be applied by the user. When ‘precribed-
HeatFlowRate’ is set equal to ‘true’, a heat flow rate can be specified. When ‘precribedHeat-
FlowRate’ is set equal to ‘false’ the heat flow is computed as a function of the temperature
difference between the mixing volume and the ambient.

Boundary  IDEAS.Fluid.Sources.Boundary_pT models can be added to prescribe the tem-
perature and/or pressure at a certain position in the circuit. In closed circuits, it is necessary
to include a boundary model to provide a reference value.

Pipe The pipe model used the district heating network model is part of this work and
described in Section 4.2.1. The purpose of creating a new pipe model is to reduce simulation
time.

Ideal heater The IDEAS.Fluid.HeatExchangers.HeaterCooler_u model adds or removes a
prescribed amount of heat from the medium, @ 10, = ©Q fi0w nominai; Where u is an input signal.

Ideal pressure source With the IDEAS.Fluid.Movers.BaseClasses.IdealSource model ei-
ther the mass flow rate or pressure difference between the two fluid ports is set to the value of
the input connector.

Real input connector  The Modelica.Blocks.Interfaces.Reallnput connector is used to trans-
fer values of the type ‘Real’ from outside to inside the model. It can be used to exchange data
from one layer to another.

Fluid port The Modelica.Blocks.Interfaces.FluidPort connector is used to connect the hy-
draulic circuit of different models.

Predescribed heat flow  The Modelica. Thermal.Heat Transfer.Sources.PredescribedHeatFlow
model is used to allow a specified amount of heat to be injected into a thermal system. The real
input specifies the heat flow to be transferred. The output is a heat port to which a thermal
connector can be connected.
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Time table The Modelica.Blocks.Sources.CombiTimeTable is used to include the space
heating and domestic hot water profiles in the model. The model has multiple outputs, such
that data files with multiple profiles can be imported. The output signals is determined by
executing a constant, linear or cubic hermite spline interpolation in the table.

Constant The Modelica.Blocks.Sources.Constant model is used to provide a constant real
input value for other models. The value is provided by the user and remains fixed during the
simulation.

Real expression  The Modelica.Blocks.Sources.RealExpression model generates a real out-
put depending on the expression given by the user. This can be a fixed value or a time varying
output containing variables of other components.

PID Controller In the Modelica.Blocks.Continuous.LimPID model either P, PI, PD or
PID can be selected. A gain ‘k’, integrator time constant ‘Ti’ and/or derivative time constant
‘T'd’ should be given. Both minimum and maximum limits can be set according to the user’s
specification.

Hysteresis = The IDEAS.Control.Discrete.HysteresisRelease model transforms a real input
signal into a real output signal. When the output is false and the input becomes greater than
the specified parameter uHigh, the output switches to true. The opposite happens when the
input becomes less than the specified parameter uLow.

Temperature sensor IDEAS.Fluid.Sensors. TemperatureTwoPort sensors are added in the
circuit to measure the temperature of the passing fluid. The output of the temperature sensor

can be used for visualisation or post-processing, or as an input for another model in the circuit.

Gain  The Modelica.Blocks.Math.Gain model multiplies a given input ‘u’ by a gain ‘k’ spec-
ified by the user, and returns the result as an output.
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Appendix D

Simulation scenario 6

Due to an unexpected increase in simulation time, scenario 6 was simulated differently compared
to the other scenarios. As can be seen in Figure D.1, the mass flow rate in summer is small,
but includes sudden changes. Where the mass flow rate increases abruptly after being at the
lowest point, the calculation time could extend to several hours. This is probably caused by
difficulties with finding a suitable solution for the next time step. To address this problem, the
simulation was executed for the remaining part of the year, as depicted in Figure D.2a. For the
missing days, the available data from day 152 to 175 (orange) and from day 175 to 202 (green)
is repeated, hereby following the trend as observed in the simulations of the other scenarios.
The result is presented in Figure D.2b.
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0.5 1

0.4 1

0.3 1

0.2

Mass flow rate [kg/s]

0.1 1

0.0 T T T T
155 156 157 158 159 160
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Figure D.1: Tllustration of the problem in simulating scenario 6.
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3.0

Mass flow rate [kg/s]
Mass flow rate [kg/s]

1(’)0 1'.:':0 2(’)0 25":0 3(’)0 330 T | 1(’)0 1.%0 200 250 300 350
Time [days] Time [days]
(a) Simulated part of scenario 6. (b) Extended simulation.

Figure D.2: Total mass flow rate in the network before and after extension of the available data.

In order to evaluate the influence of this approach, the energy use during the specific period
is compared to the energy use throughout the entire year. The duration from day 202 to
290 accounts for 9.4% of the total energy use, thereby having a limited impact on the drawn
conclusions. To further examine the influence on total energy use and energy efficiency, the
energy use for the days within the range of 202 to 290 is varied by +/- 25%. The results of
these analyses are presented in Table D.1.

Table D.1: Influence of the variation of the energy use of day 202 to 290 on the overall total
primary energy use and energy efficiency.

Total primary energy use Energy efficiency

Energy use of day 202 to 290: +25% +2.36% -2.30%

Energy use of day 202 to 290: -25% -2.36% +2.41%
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