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Technical Assessment of Electric Heat Boosters in
Low-Temperature District Heating based on Combined Heat and
Power Analysis

Hanmin Cai®*, Shi You®*, Jiawei Wang?®, Henrik W. Bindner?, Sergey Klyapovskiy®

@Technical University of Denmark, 2800 Kgs. Lyngby, Denmark

Abstract

This paper provides a technical assessment of electric heat boosters (EHBs) in low-energy
districts. The analysis is based on a hypothetical district with 23 terraced single-family
houses supplied by both a low-temperature district heating (LTDH) network and a low-
voltage network (LVN). Two case studies are provided to show the active role of EHBs in a
smart energy system (SES). The first case compares annual heat and power flow analyses for
LTDH at five supply temperature levels, focusing on their impacts. The results show that
district heating network (DHN) losses can be reduced by 35% if the supply temperature is
reduced from 70 °C to 50 °C, but the LVN peak power will have to be increased by up to 2%
using heat boosting. The second case further aggregates EHBs to provide a fuel shift (FS)
service for the DHN. The results show that while LVN peak power was increased by up to
4.3%, the basic power production and peak boiler usage for DHN could be reduced by as
much as 15% and 48%, respectively. In summary, lower supply temperatures and intelligent
components can improve system efficiency and turn the DHN into an integrated part of a
SES.

Keywords: Smart energy systems; 4GDH; Low-temperature district heating; Electric heat
boosters; Fuel shift; Combined heat and power.

1. Introduction

Denmark is aiming at a 100% renewable-based electricity and heating sector by 2035
and a complete transition to a renewable-based energy system by 2050 [1]. Such ambitious
targets demand considerable effort involving integration of intermittent renewable sources
and energy conservation. In recent years, a large number of renewable energy sources, such
as wind power plants, have been connected to the Danish energy system. Meanwhile, energy

*Corresponding author
Email addresses: hacai@elektro.dtu.dk (Hanmin Cai), sy@elektro.dtu.dk (Shi You),
jiawang@elektro.dtu.dk (Jiawei Wang), hwbi@elektro.dtu.dk (Henrik W. Bindner),
seklya@elektro.dtu.dk (Sergey Klyapovskiy)

Preprint submitted to Energy February 19, 2018



10

15

20

25

Nomenclature
A network incidence matrix [-] Abbrevation o standard deviation [-]
Ar  surface area of tank [m?] Agg Aggregator
B susceptance [Q71] CHP Combined Heat and Power Subscripts and superscripts
B incidence matrix [-] DCW District Cold Water amb ambient
¢ water specific heat [kJ/(kg-°C)] DH District Heating cw cold water
C  conversion matrix [-] DHN District Heating Network d downstream node
d  inner pipe diameter [m] DHW Domestic Hot Water des desired
E  energy [MWHh] DHO District Heating Operator el electric
G conductance [27'] EHB Electric Heat Booster est estimated
I current [A] EL Electric Power g ground
L pipe length [m] FS Fuel Shift in incoming
m  mass flow rate [kg/s] LTDH Low-Temperature District Heating [ pipe index
M tank water mass [kg] LVN Low-Voltage Network max/min maximum/minimum
p  pressure [kPa] SES Smart Energy System m,n bus index
P active power kW] SH Space Heating out out flowing
Q@  reactive power [kVAR] SF Simultaneity Factor q node flow
S complex power [kVA] quo quota
t  time period [min] Greek symbols r return
T  temperature [°C] 0 voltage angle [rad] s supply
uw  control decision [-] A difference [-] serv service pipe
U  heat transfer coefficient [kW/(m?-K)] & thermal power [kW] tk tank
V' voltage [V] A friction factor [-] tap tap water draw
V, volume flow rate [m?/s] i expected value [-] u upstream node
Y bus admittance matrix [-] P density [kg/m?]

efficiency measures have been taken in the heating sector as the Danish Building Regulations
have set a progressively lower energy consumption framework [2]. These new developments
demand a rethinking and redesign of the current energy system, i.e. a smart energy system
[3].

Instead of the traditional separate operation of the various energy sectors, what is needed
is a smart energy system (SES) approach combining multiple smart grid infrastructures [4].
We need to identify synergies to achieve an optimal solution for each individual sector
as well as for the overall energy system [5]. For instance, to achieve the 2035 targets,
we need to coordinate the operation of the electricity and heat sectors. More concretely,
intermittent wind farm power output is challenging the operation of the Danish power
system, which currently relies on neighbouring countries for a large part of its balancing
needs. Occasionally, Denmark exports electricity to neighbours at negative prices [6]. As
neighbouring countries integrate renewable energy into their own energy systems, more
balancing capacity will be needed in the future [7]. Research shows that storage in the
electricity sector will be insufficient and more capacity needs to be found in other sectors,
such as district heating (DH) [3]. This is a well-developed and efficient heating solution in
Scandinavian countries and will operate at lower supply temperature levels as more low-
energy buildings are constructed. The concept of low-temperature district heating (LTDH)
or 4" generation district heating (4GDH) represents a paradigm shift in DH development
and features a low supply temperature and intelligent control of DH system components
[4]. The former will provide benefits such as heat loss reduction, easier access to renewable
sources, and more efficient waste heat recovery, while the latter will enable DH systems to be
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integrated in smart energy systems. Meanwhile DH systems will require more power-to-heat
conversions as combined heat and power (CHP) plants play a smaller role in future energy
systems due to an increasing renewable share [§].

A lot of research has focused on one or more of the aspects mentioned above, and
some has focused on identifying possible synergy across sectors. Mancarella [9] provides a
comprehensive overview of existing concepts and the tools needed to do research in multi-
energy systems. Li et al. [10] propose using the water in district heating network (DHN) as
energy storage for decoupling CHP operation in order to balance wind power fluctuation and
reduce curtailment. Cai et al. [I1I] consider thermal loads as flexible cross-sector resources
to assist SES operations and demonstrate coordinated demand response [12]. Some research
has focused on the impact of lowering DH supply temperature. Ostergaard et al. [I3] have
shown that the space heating (SH) needs of typical Danish single-family houses can already
be satisfied for large parts of the year using LTDH. However, a supply temperature as low as
60°C is not sufficient to provide domestic hot water (DHW) without increasing the risk of
Legionella contamination. Yang et al. [14] list several alternative solutions, while Zvingilaite
et al. [I5] report that the most economical solution is to use a supplementary electric
heater. Park et al. [I6] studied a multi-storey building supplied by LTDH with varying
temperature levels. They argue that there are optimal supply and return temperatures
that minimize the net operation cost. Ommen et al. [I7] discovered that the impact of
variation in the DH temperature on the coefficient of system performance is different for
systems supplied by central HP from those supplied by extraction CHP. Elmegaard et al.
[18] suggest that the benefits from reduced heat losses in LTDH networks are not sufficient
to make it more competitive than conventional systems due to the high share of DHW in
low-energy buildings. Ostergaard et al. [19] compare LTDH using booster heat pumps
with LTDH using natural gas boilers, suggesting that LTDH with booster heat pumps is
the better option. Yang et al. [20] investigated using instantaneous heat exchanger units
to prepare DHW and suggest that as the better option for supply temperatures of 50 °C
and 65°C. A few researchers have focused on active control to facilitate the operation of
conventional DH systems. For instance, DH load creates thermal peaks [21), 22], which may
lead to sub-optimal dispatch of co-generation units, and therefore increase primary energy
consumption [23]. The peak thermal load may also mean the network is over-dimensioned.
To shave the peak, Johansson et al. [24] deploys agent-based load control in DH substations
and reduces peak demand in the DHN through short-term shifting of SH load. However,
these literature sources do not consider the additional operational benefits from using active
heat boosting equipment in an SES, which may influence the economic outlook.

This paper therefore set out to assess two aspects of 4GDH in an SES context, namely
lower supply temperature levels and intelligent control of substations, including heat boost-
ing devices using electricity. Their small investment cost and simple operation mean that
heat boosting solutions using supplementary electric heaters are likely to be widely present
in an energy system that integrates LTDH. The device is called an electric heat booster
(EHB) and will be the focus throughout this paper. Collectively, EHBs can form a signifi-
cant flexibility portfolio for the system operators. For example, the following sections will
consider using EHBs to provide a fuel shift (FS) service to the LTDH network. The term
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FS will be explained and formulated mathematically in the next section. To the best of
the authors’ knowledge, no previous research has either explicitly considered EHBs as flexi-
ble cross-sector coupling or designed a service to support LTDH at planning and operation
stages.

This paper is organized as follows: The next section presents the methodology, including
the modelling of the DHN, low-voltage network (LVN) and EHBs with F'S controller design
at district level. Section |3| then provides two case studies, in which the impacts of LTDH
supply temperature levels are investigated and the F'S service is evaluated. Finally,
draws conclusions and makes remarks on future work.

2. Methodology

2.1. System description

To facilitate discussion, an abstract representation of a building’s connection to the
DHN and LVN is illustrated in In a fully renewable based Danish energy system,
electricity will largely come from wind power transmitted across the country, and LTDH will
be more dependent on local low temperature renewable sources (such as geothermal energy)
and improved waste heat recovery. Substations will use the LTDH network to support the
SH load while DHW is prepared using EHBs. The energy flow inside an EHB is shown in
[Figure 21 Both electric power from the LVN and thermal power from the DHN can be used
to heat up tank water. While electric power is dependent on voltage over the EHB, thermal
power depends on the flow rate and temperature drop.

District Heating SH DHW

Power System Building A

Figure 1: EHB is connected to both DHN and LVN

A real-world example of is shown in [Figure 3| where an SES lab called “SYS-
LAB” has been developed to research synergies across energy sectors from building active
components and deploying intelligent control. More specifically, the physical installation
of the EHB (shown in contributes to its heat boosting function. shows
the architecture of the underlying information and communications technology (ICT) in-
frastructure that supports both centralized and distributed control. Mathematical models
were used to analyse the system described above. These models support the simulation in
MATLAB and are described in detail in the rest of this section.

4
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Figure 2: Simplified view of energy flow

Figure 3: SYSLAB - A flexible intelligent laboratory for integrated energy system research. The red dots
show the location of components; yellow lines indicate network connections

2.2. DHN modelling

DHN characteristics were modelled in detail to reflect operation constraints, whereas
dynamics (such as the temperature distribution along the pipes) were ignored to keep the
simulation simple. Moreover, the supply temperature was assumed to be constant through-
out the year, and heat transfer delays were also neglected. Hydraulic models are formulated
in Equations [I] - [6] and thermal models are provided in Equations [7] - which
describes the continuity law for incompressible water flow in a compact form [25], was used
to calculate the flow rate in each pipe:

At = 1, (1)

where A is the network incidence matrix, and m and m, are vectors of pipe and nodal mass
flow rate respectively. Every node connected with a low-energy building is here called a
load node. The rate of mass flow discharged to each load node consists of 1 sy for SH and

5
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Figure 4: Electric heat booster

mqpaw for DHW preparation, as in
Mq = Mq,SH + Mq,DHW (2)
The rate of load node mass flow due to SH is described by

. B Psn
mq,SH B C(Tserv - Tr) (3)

where T, and T} are respectively the temperatures of the service pipe and the return pipe
at load node, while &gy is SH power at the same node.
The consumed pump power can be calculated as in Equations |4 - |§| [26]:

SAL
Ap=—T5, ™ (4)
Appump = Aps + Apy + ApPmin (5)
A um y
Ppump = % : ‘/;) (6)
pump

where Pyump is the required pumping electric power, Aps and Ap, are the total pressure
drops from the most peripheral substation to the main circulation pump in respectively the
supply and return pipes, Apyi, i the minimum differential pressure at the most peripheral
substation, 7pump is the total conversion efficiency for the circulation pump, and V, is the
volume flow rate.

Multiple incoming flows at a given node were assumed to be well-mixed so that the
temperature of the flow leaving the node can be calculated as in [25]:

(Z mout)Tout = Z(mlnﬂn) (7)
6
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Figure 5: Control and communication - enabling smart response from EHBs

where T, is the mixed temperature, mgy is the mass flow rate leaving the node, 1y, is
the mass flow rate entering the node, and Tj, is the temperature of the incoming flow. The
bypass flow at critical nodes was incremented in an iterative process to simulate the bypass
valve thermostat control that keeps the temperature drop within 5°C [27].The pipe flow rate
will be constrained by the velocity limit of the pipes, but must also guarantee the minimum
differential pressure required on the end-user side.

The temperature drop along the pipes can be described by [Equation §| [25]:

_uil

Tay =Ty + (Tuy — Ty)e <™ (8)

where Ty, and T,,; denote the temperatures at the upstream and the downstream nodes of
pipe [, T, refers to the soil temperature, U; and L; denote the heat loss coefficient and the
pipe length, and m; denotes the pipe flow rate.

2.3. LVN modelling

The LVN was also modelled to investigate impact of heat boosting and the FS service
on the LVN. The load power at each load node varies, so the total power feed-in from the
external grid, as well as the power losses, will also vary.

Applying Kirchhoft’s Current Law at each bus in the LVN allows a set of nodal equations

to be derived and written in a compact form as in
I=YV (9)

where I denotes the vector of net current injection, Y is the bus admittance matrix, and V
is the vector of the bus voltage phasor. The complex power at each bus S is expressed in

7
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Sn = Pn +]Qn = VnIn (10)

The real and imaginary parts of the complex power, i.e. the active and reactive power
at each bus, can be respectively expressed in Equations [11] - [12}

N
P = |Vl Z Vo (G €0S0mn + BrnSind,) (11)
n=1
N
n=1

where both active and reactive power at bus n are represented by its voltage magnitude |V/,|
and |V,| of the buses m connected to it, the susceptance of the distribution line is B,,,, and
its conductance is G, Oy is the voltage angle between bus m and n, and N refers to total
number of nodes.

We used the Newton-Raphson method to solve the above equations and provide a power
flow analysis of the LVN.

2.4. Electric heat booster modelling

The setup used in this research assumed a water tank volume larger than 3 litres is on the
secondary side, which requires heat boosting to satisfy the hygiene requirement according
to the German Standard W551 [28]. The heat boosting concept is shown in [Figure 6a] DH
flow exchanges heat with cold tank water through a DH coil placed in the middle of the
tank. At the same time, an electrical resistance is present and uses electricity to boost water
temperatures up to 55 °C and occasionally to 60 °C. The Danish Code of Practice for Water
Supply Installations [29] requires tap water to be between 40°C and 45°C depending on
its purpose. To keep things simple, 42 °C was used as the tap water temperature. Detailed
modelling of adds considerable complexity to controller design. Since the energy
consumption is the most important parameter in an integrated energy system context, a
simple single-layer water tank model focusing on energy balance was used. A single-layer
model treats the water in the tank as a homogeneous layer, ignoring the fluid dynamics of
water being drawn, and cold water fed in and heated. shows the power exchange,

which is formulated in [Equation 13}
cMTy = @' — crig(Toe — Tow) — UAT(Tie — T (13)

where Ar is the tank surface area, Ty is the tank water temperature, T, is the cold water
temperature, T, is the ambient temperature of the EHB, 7 is the rate of water drawn
from the water tank, and ® is the heat power injected into the tank by DH coil & or
electrical element P:

' =& + P = ctngpaw (Tere — Tr)u + P(1 — u) (14)

8
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Figure 6: EHB structure and energy balance for the single-layer model

where u is the control decision to use DH coil or the electrical element to heat DHW. T, was
assumed to be 10°C and T, was assumed to be 18°C, both constant throughout the year.
P is the rated power of the electric heating element. g, paw Was assumed to be a fixed flow
rate of 1501/h. Valve dynamics were ignored. To simplify matters, the return temperature
at the substation was assumed to be constant, though in practice it can be manually set by
the user. In the simulation, 7} was set to be 30°C less than the supply temperature for all
the substations and neglect dynamics inside heat exchangers.

The heat boosting decision variable u in is formulated in by

taking into account the heat exchanger temperature loss AT.

1, if Ty < Ty — AT

u:{ . (15)
0, otherwise

The control logic formulated above never deployed DH and electric heating at the same
time. The tank water temperature set point was assumed to be 55°C with a thermostat
dead-band of 1°C. Moreover, the water at the user’s tap was obtained by mixing hot water
from the tank with cold water. This can be expressed as

42°C —10°C

— 1 ) 1
ﬂk—looC ’ }thap ( 6)

Mix = min{

where 7,y is the water drawn at user’s tap created using the Danish Standard profile [29].
The whole simulation and control process is summarized in

2.5. Network dimensions and demand profile

The low-energy district of 23 terraced single-family houses considered here was assumed
to have been built according to the most recent Danish Building Regulations 2015 (BR15).
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These require that annual energy demand for heating, ventilation, cooling and DHW prepa-
ration should not exceed the energy performance framework calculated as 30 + 1000/(total
heated floor area)kWh/m?/y [2].

All the houses were assumed to have a heated floor area of about 140m? with 3~4 oc-
cupants, which gives an annual total energy demand of 5.2MWh. The network topology
was based on the building density of the outskirts of Copenhagen. This makes the network
losses, which depend greatly on pipe lengths, more representative. The greenfield design of
the dimensions of the DH network takes into account the network topology, design load and
simultaneity factor (SF). Details on the methodology and the numerical values of SF can be
found in Li and Svendsen (2012) [27]. The network topology, including connections and the
length of pipes, was determined by sketching based on a district in the outskirts of Copen-
hagen using Google map. The network topology is shown in For the DH system,
the design load was assumed to be 3kW for SH and 5.2kW for DHW. A 10-bar system with
minimum network static pressure of 2 bars was used in the network dimensioning. The pres-
sure drop on the end-user side was assumed to be 50kPa, taking into account the minimum
differential pressure and local pressure loss. The network was designed for supply/return
temperatures of 50/20°C, 55/25°C, 60/30°C, 65/35°C, 70/40°C, and 80/40°C, but sup-
ply/return temperatures of 80/40 °C are not discussed in this paper because they fall outside
the definition of LTDH. Pipes were selected from existing commercial products. Network
dimension results are summarized in |Figure 9 and [Table 1. To make valid comparisons, the

10
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change when the temperature drop is the same. This is because the methodology proposed
by Li and Svendsen [27] utilizes differential pressure over critical nodes as the decisive factor
for network dimensioning. So the same network dimensions were used for all the analyses.
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22 7

Figure 8: The low-temperature district heating network with black solid dots denoting load nodes

Table 1: DH network dimensions

Pipe type Inner diameter [mm| Roughness [mm] Length [m)]

Alx 32/32 26 0.02 260
Alx 26/26 20 0.02 110
Alx 20/20 15 0.02 100
Alx 16/16 11.6 0.02 75
Alx 14/14 10 0.02 420

The LVN shares the same topology as the DHN in and a single-line diagram is
shown in[Figure 10] The district is connected to the external grid via a 10/0.4kV transformer.
Optimal design of the network was not considered. Cables were selected from commercially
available products and the dimensions are summarized in

The low-energy building SH demand profile was simulated using IDA ICE [30]. The
SH load is treated here as a fixed base load in DHN. The DHW heating demand was
obtained from the EHB model and controller described in section 2.4l The water draw
profile was created using Danish Standard [29], which features a large amount of water
drawn for showers in the morning and evening. The electricity load was created using a
typical Danish residential load profile [31], which gives the base electricity load excluding
electric heating. The load diversity was emulated by scaling and shifting the water draw,

11
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Figure 9: Pipe selection results
Table 2: LVN cable dimension

Cable type Current Value [A] R [ohm/km| X [ohm/km| Length |[m]
4x150 AL-M PVIKS 275 0.206 0.073 200
4x95 AL-M PVIKS 215 0.320 0.075 60
4x16 AL PVIK 81 1.91 0.085 135
2x6 CU PVIK 68 3.08 0.092 270

SH demand, and electricity load profiles in accordance with normal distribution A (u, o?)
and uniform distribution U (At pmin, Atmax). Heating loads were then all scaled to correspond
to BR15 [2]. It was not necessary to diversify EHB tank size, since commercial products
have only a limited number of sizes. We therefore assumed a storage tank of 92 litres for all
households. Details found be found in [Table 3|

2.6. Fuel-shift controller design

The term FS can be explained as replacing one energy source with another. Using
the Energy Hub modelling technique proposed by Geidl and Andersson [32], F'S can be

formulated as and is illustrated in It can be interpreted as an
optimized dispatch of P;, given the load and a predefined cost function.

Pout = CPin (17)

Before designing the controller, practical concerns need to be addressed. EHBs are
controlled to shift from one energy source to another, but electric power set points cannot
be shared equally between households due to the fixed electric power rating (either 3kW or

12
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Table 3: Assumed stochastic parameters for load diversity

Variable  Meaning Distribution Parameter

Pyaiy base electricity load peak Normal uw="TkW, o = 0.7kW

Al daity  time shift of electricity load Uniform Atelmin = —1h, At max = 2h
Pspdgaity  SH load peak Normal i =1.8kW, o = 0.2kW

Atgi daity time shift of SH load Normal = 0h, 0 =2h

Miap daily ~ Peak tap water draw Normal g = 101/min, o = 0.21/min
Atiap daity time shift of water draw Normal i = 0h, 0 = 3h

zero). This means that some EHBs would be supplied by electricity while others would not.
Then there is the issue of fairness when coordinating which EHBs should switch from DH
to electricity. This is a problem when the price of electricity is much higher than DH, as
in Denmark. Moreover, direct control is intrusive. To solve these problems, it was assumed
that an entity such as a District Heating Operator (DHO) or Aggregator manages the EHBs.
The DHO/Agg would provide heat comfort as a service to consumers, while providing FS
to the DHN. This allows the maximum controllability. Any increased electricity cost would
be covered by the DHO/Agg.
The FS service would be characterized by the calculation of a power quota based on the
heat load desired.
Do = max{Pqes — PGy — Piv, 0} (18)

loss?
where @ g is the heat load desired in the DHN, @& and @5 are respectively the estimated
SH load and heat losses in the DHN. The quota ®,, for DH load for DHW is then broadcast
to the EHBs.
The interactions between the DHO/Agg and the EHBs are illustrated in
First, the quota calculated using is broadcast to EHBs. The responsive ones

will acknowledge the message; otherwise communication is assumed to have been lost. The
13
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EHBs then coordinate among themselves according to their priority. This is determined
according to the distance of the load nodes from the heat entry point (node 39 in .
Those further away will be given lower priority, since long distance heat delivery means more
losses and longer delivery time. When the EHBs reach a consensus, a final aggregate DH
power for DHW will be reported back to DHO/Agg. In this way, occupancy will not be
revealed and privacy will not be compromised.

DHO/Agg EHBs

@) acknowledge .
/ coordinate
wer base on priority
regate PO
@ (epoﬁ agd

Figure 12: Interaction of DHO/Agg and EHBs in one cycle

3. Case studies

The objectives of the analyses here were twofold. Firstly, we wanted to quantify the
impacts of supply temperature level on the operation of LTDH networks and the LVN with
a detailed EHB model and controller. Secondly, we wanted to evaluate the design F'S service
using EHBs as flexible resources.
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3.1. Case 1 - the base case

In the base case, EHBs are used only as a heat-boosting solution. Annual simulation
results for the whole district are summarized in We chose a 5-minute time step,
since most water draws are less than 5 minutes and this is enough time for water to flow
from the entry point to the furthest node. EL and DH in refer to using electricity
and district heating as the energy source, while DHW, SH, pumps and losses refer to the
reason for the energy usage. DH total refers to the total energy used in the DH network,
including heat load, network losses, and pump electricity consumption.

Table 4: Energy usage - the base case

Supply temperature level T
Energy [MWh] | 50°C  55°C  60°C 65°C  70°C

EL DHW 32.87  21.01 1.76 0.00 0.00
DH DHW 20.74 3238 51.36 5293  52.79
DH SH 65.00 65.00 65.00 65.00 65.00
DH losses 23.56  26.51 29.89 33.00 36.42
DH pumps 0.44 0.73 0.88 0.92 0.96
DH total 109.73 124.61 147.13 151.85 155.18

Table 4] shows that when T; is reduced from 70°C to 50 °C, losses are reduced by 35%
from 36.42MWh down to 23.56MWh, which approximates to the annual energy consumption
of three houses. Moreover, DH is used less for DHW while electricity usage increases due to
boosting needs. No control is deployed for SH and the total consumed energy stays the same
for all supply temperature levels. The energy balance chart shown in illustrates
how the energy in DH is distributed.

100 %
80 %
60 %

40 %

20 %

0%

50°C 55°C 60°C 65°C 70°C

BDH lossEDH pumpEDH SHEDH DHW

Figure 13: DH energy balance chart - the base case
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Interestingly, shows that losses comprise roughly 21~24% of total DH energy
when 7T is reduced from 70°C to 50°C, even though losses are substantially reduced in
absolute terms. This can be explained by which shows that DH utilized for
DHW is reduced by as much as 61% at the lower supply temperature. With a fixed DHN
dimension, when less heat is consumed, there is less pipe flow and higher losses occur. This
means that, in percentage terms, the loss reduction benefit is not significant when operating
at a lower temperature.

100 %

80% |

60 %

40 % |-

20% |-

50°C 55°C 60 °C 65°C 70°C

0%

EDHW from DHEDHW from EL

Figure 14: DHW energy source - the base case

shows the load duration curves for selected temperature levels (T at 50 °C,
60°C and 70°C). If we assume that base heat production can cover the heat load for 80%
of the year and the rest will be supplemented by a peak boiler that runs on fossil fuels, the
base heat production and fuel usage can be derived from [Figure 15

The LVN power flow analysis result is summarized in [Iable 5. The increased LVN
losses AE)ss and peak power AP,k were calculated by deducting the base electricity load
described in section . With AFE).s and AP,e.x, the impact of EHBs can be evaluated.
In particular, a substantial increase in peak power AP,k would require a larger fuse and
transformer at the entry of this district. That would be an additional cost that would need
to be considered at the planning stage. shows that losses due to increased electricity
usage could increase by as much as 9%, whereas peak power only increased by about 2%,
which means that an upgrade of transformer or fuse is not necessary. The reason for the
modest increase in peak power is the difference between electricity and heat load pattern.
While standard demand profiles were used in the study, it could be updated with a more
detailed consumption pattern analysis obtained from real measurements using a data-driven
approach.

Further interpretation of[Table 4] and [Figure 13| can give interesting results. For instance,
while loss reduction and more efficient heat recovery are obvious benefits for the DHN, an
increased energy bill is expected as Ty is decreased. Consequently, a trade-off needs to be
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Figure 15: Load duration curves for total DH load at selected T} levels

Table 5: Impacts of EHBs on the LVN - the base case

Supply temperature level T;
50°C 55°C 60°C 65°C 70°C
EL DHW [MWHh] 32.87 21.01 1.76 0.00 0.00
LVN AFEjss [MWh] 4.80 3.05 0.24 0.00 0.00

LVN AF\g [%] 9.14 581 046 0.00 0.00
APyear [KVA] 250 3.60 0.00 0.00 0.00
APyearc [%)] 152 219 0.0 0.00 0.00

found in terms of T;. To do so, the numerical relationships between each energy usage and
T, need to be found. Interpolation was used in this research to derive the relationships.
Since shows no difference between 65°C and 70 °C other than DH losses, to obtain
a good fit, interpolation was only done for temperature levels from 50°C to 65°C. The
results are summarized in where parameters in linear and quadratic interpolation
refer to E = aT, + b and E = aT? + bT, + ¢ respectively. Subject to the fit level in terms of

root-mean-square error (RMSE), [Equation 19| can be obtained.

Table 6: Numerical relationships between energy usage and T

Linear interpolation Quadratic interpolation

a b RMSE a b ¢ RMSE
EL DHW [MWh] -2.36 149.45 7.51 0.10 -13.97 480.22  5.56
DH losses [MWh] 0.63  -8.22 0.18 0.00 045 -2.98 0.16
DH total [MWh] 298 -37.88 7.63 -0.10 14.66 -370.62 5.69
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Eo(T}) = 0.1T? — 13.97T, + 480.22
Fhoss(Ty) = 0.63T, — 8.22 (19)
Eqn(Ty) = —0.1T2 + 14.66T, — 370.62

3.2. Case 2 - fuel shift

To further improve the benefits of EHBs and exemplify their active roles in a SES, the
F'S service was first and foremost designed to assist DHN operation. The impacts of F'S can
then be evaluated by interpreting the results of the annual analysis.

The annual analysis was performed assuming perfect forecasts of SH load and heat loss,
and perfect communication and coordination. Impacts on DHN for the case ®4. = 20kW are
summarized in [Table 7| [Figure 16| and [Figure 17}, while the impacts on LVN are summarized
in [Table § and [Table 9. Compared to [Table 4] [Figure 13| and [Figure 14| electricity usage is
higher while DH energy consumption is lower. Heat loss is slightly higher due to reduced
heat load. Moreover, [Table § implies that EHBs’ increased electricity consumption would
not need an upgrade in LVN.

Table 7: Energy usage and when @45 = 20kW

Supply temperature level T
Energy [MWh] | 50°C  55°C  60°C 65°C 70°C

EL DHW 38.68 30.51 17.91 16.75 16.67
DH DHW 14.91 2285 35.16 36.13  36.07
DH SH 65.00 65.00 65.00 65.00 65.00
DH losses 23.89 26.90 30.41 33.71 37.25
DH pumps 0.13 0.14 0.16 0.17 0.18
DH total 103.93 114.89 130.73 135.00 138.50

New load duration curves were obtained and are summarized in which shows
a clear reduction of in peak-load hours. shows values for the reduced base heat
power production and peak boiler usage compared with the case without FS. The results
show that, with the F'S service, base heat power production for the DHN can be reduced by
as much as 15%, and for peak boiler usage by as much as 48%.

Reduced peak heat power means that existing network could connect more buildings
without an upgrade (such as pipes with wider inner diameters). It also implies that a
smaller size of CHP plant could be possible. Moreover, peak boiler usage reduction could
contribute to a 100% renewable-based electricity and heating sector by 2035.

The results presented in these two case studies can be used as input for future economic
analysis. For example, the reduced base heat power production, losses and peak boiler
usage all contribute to reduction of investment and operation cost, while increased electricity
consumption represents increased operation cost. Combining with the relationships obtained
in [Equation 19, an optimal supply temperature that minimizes life cycle cost could be

obtained. In-depth economic evaluation lies outside of the scope of this paper.
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Figure 16: Energy balance chart with FS and ®4.s = 20kW
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Figure 17: DHW energy source with FS and ®g0s = 20kW

In summary, this case study demonstrates that intelligent residential substations with
EHBs could contribute to synergy between electricity and heat sectors.

4. Conclusions and future work

Cross-sector flexible resource use of EHBs in low-energy districts was investigated based
on combined heat and power analysis. A hypothetical district with 23 terraced single-family
houses supplied by both an LTDH network and an LVN was analysed and two case studies
were performed. The first case focused on the impact of LTDH supply temperature levels.
Comparisons were made for annual heat and power flow analysis results at five different
supply temperature levels. Results show that DHN heat losses can be reduced by 35% when
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Table 8: Impacts of EHBs on the LVN with FS, ®4.5 = 20kW

Supply temperature level T
50°C 55°C 60°C 65°C 70°C
EL DHW [MWHh] 38.68 30.51 17.91 16.75 16.67
LVN AFEjss [MWhH] 581 4.69 3.01 287 285

LVN A By [%0)] 11.07 894 574 546 5.44
APpeax [kKVA] 7.10 490 560 560 5.60
APy (%) 432 298 341 341 341

Table 9: Impacts of EHBs on the LVN - comparing the base case with FS, ®4.s = 20kW

Supply temperature level T
50°C 55°C 60°C 65°C 70°C
APy [%] 152 219 0.00 0.00 0.00
AP [%) 432 298 341 341 341
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Figure 18: Impact of fuel shift on load duration curves with ®4.s = 20kW. Dashed lines are load duration
curves without FS, solid lines are those with FS

the supply temperature is reduced from 70°C to 50 °C, but the LVN peak power will have
to be increased by up to 2% using heat boosting. The second case provides the design of
an FS service for the DHN. Analysis was carried out at the same five supply temperature
levels. Results show that LVN peak power is increased by up to 4.3%, while basic power
production for DHN can be reduced by as much as 15% and peak boiler usage by as much
as 48%. The reduced heat demand can be taken into account in future network planning.
This could make it possible to further reduce network dimensions and losses. The results
obtained can also be used as input for economic evaluation. Therefore this study makes an
important contribution to the research on 4GDH by demonstrating the usefulnesses of lower
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Figure 19: Impact of fuel shift on base production capacity and fuel usage for peak boiler. Results without
FS (in blue) and with FS, @405 = 20kW (in red)

supply temperature and intelligent residential substations.

Several aspects of this work could be improved and extended. Steady-state analysis
of a DHN does not give a perfect representation of the real DH system. Dynamics, such
as heat transfer delays, could be added in the future to enable simulation of the dynamic
operation of a DHN and exploit its storage capacity to absorb excess wind power. Moreover,
heat pump boosters might be more cost-efficient in multi-family buildings due to their lower
operation cost. A better mix of technologies could be achieved. Lastly, the fuel shift service
described here is an LVN passive response to the needs of the DHN. In an integrated energy
system, network operation challenges for both electricity and district heating networks need
to be addressed. The difference is that there are power-to-heat devices available in residential
substations, but no heat-to-power conversion devices on the end-user side. This means there
is no single solution that can address both challenges.

As a part of the Danish Energy Technology Development and Demonstration Programme,
the concepts and solutions developed in this paper will be demonstrated in the Nordhavn
area in Copenhagen, Denmark with some modifications. 24 houses have volunteered to
participate and all have been equipped with the DH substations mentioned in this paper.
Laboratory tests have shown EHBs are capable of switching between F'S and non-FS modes.
A large-scale experiment is expected to be rolled out. 23 houses will be aggregated to provide
the F'S service and one house will be left out for comparison.
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Highlights:

e Comprehensive model of heat and power network flow for steady-state simulation.
* Analysis of the performance of a low-energy district in 5-minute intervals.

e Detailed electric heat booster model and controller design in a real-world context.
* Design of fuel shift service for the district heating sector to optimize operation.

* Analysis of the advantages of lower supply temperatures and smart components.
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