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Summary

The use of renewable energy sources in Denmark is on a continuous rise with national plans that
target an energy system operating based completely on clean-energy by 2050. In this future
power system, there will be a lot of uncertainty due to the renewable-based generation and as a
consequence, the acquisition of flexibility is considered of high importance. The integration of
different energy sectors, like electricity and heat, can provide the necessary flexibility to the elec-
tric power system and enhance the collective operation of the energy systems. In this project,
power to heat systems, specifically heat pumps, are assessed on the capability to give flexibility
in a low voltage residential grid with the presence of local PV systems.

Two separate studies are carried out in this project: one considers the integration of individual
residential heat pumps and the other considers the integration of a large regional heat pump
system in the same Danish low voltage grid where local PV generation is also available. Both
systems are interconnected with thermal hot water storages and the heat pumps operate in an
ON/OFF way. Control & cooperation strategies are implemented in order to enhance grid opera-
tion and reduce any arising problems as well as increase the self-consumption and efficiency of
PV generation while the thermal comfort of the inhabitants is not threatened. The studies were
carried out in DIgSILENT PowerFactory with the assistance of MATLAB. Daily simulations were
performed to observe the operation in days of winter and summer.

The results support the capability of heat pumps with heat storages as a solution that can provide
flexibility in the future power grid and cooperate with renewable energy sources, like PVs, in order
to achieve beneficial operation and assist renewable energy utilization. This is managed by the
use of simple local controllers that do not require the deployment of communication systems and

do not involve increased complexity.
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1 Introduction

This chapter introduces the basic background for the development of the project. Denmark’s re-
newable energy vision and the future integration of different energy sectors are introduced, with
the Power to Heat (P2H) systems being the main focus of the project. The scope and objectives
are then presented along with the necessary limitations that were taken. Finally, an overview of

the content of the report is given.

1.1 Background

The potential of renewable energy utilization and reduction of carbon emissions is a major goal
for the future of Denmark, as well as for the rest of the EU. Particularly in Denmark, ambitious
goals have been set for the upcoming years as the government’s energy plan foresees at least
50% renewable-based energy along with a complete fossil fuel free electricity sector until 2030
and total fossil fuel independence in 2050. The new Danish energy proposal includes many ac-
tions to promote this transition, including the installation of Denmark’s biggest offshore wind farm
until now, allocation of funds to boost renewable energy capacity, reduction of taxes and alterna-

tion of the heating sector in order to make it more environmentally friendly [1].

The path of green development has already been set, with the increasing integration of renewable
energy generators in the Danish system over the past years. Figure 1.1 depicts the evolution of
electricity production from different sources and the total electricity consumption from 1990 to
today, along with projections until 2027. As it can be seen, renewable energy generation has
rapidly increased during the previous years with wind being the dominant renewable energy
source, while solar witnesses a significant increase from 2012 onwards. Meanwhile, the produc-
tion from central power stations and decentralized power plants has been reduced comparing to
the past. The trend of increasing renewable energy generation is awaited to continue in the next
years as well, while the electricity consumption is also expected to be higher in the future, mainly
due to the installation of big data centers, electric cars and heat pumps. During this period, most
conventional-fueled power stations are going to be deactivated or transformed to use mainly bio-

mass [2].
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Figure 1.1: Generation & production of electricity from 1990-2027 [2]

The perception of a renewable-based energy system demands drastic changes to the current
one. The uncertainty of the variable generation and the fluctuation of the demand have to be
properly controlled and coordinated. In order to achieve this, the transition to a smart energy
system that will offer flexibility is necessary and this future energy system has to be characterized
by reliability, sustainability and cost efficiency. The flexibility in the smart system can be achieved
by the application of appropriate methods like demand side management, use of storages and
exchange of energy with other countries. Another inevitable measure is the integration of electric-
ity with different energy sectors like heat and gas. The possibility to transform the electric energy
and store or use in another sector can help in providing the wanted flexibility. Figure 1.2 shows

the interaction between the different energy sectors in the future energy system [3].
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Figure 1.2: Integration of energy sectors in the future [3]

The cooperation with the heat & gas systems will assist the installation of renewable energy
sources, as the excess electricity will be available to be used for other purposes. On top of that,
heat & gas technologies that come with a storage can help in the conservation of energy in a
cheaper way than electrical storage. Specifically, heating systems can provide support for short
to medium times, while gas systems for long times [3]. When the generation is high and the elec-
tricity price low, energy can be stored in order to be used later, when the price will be high, achiev-
ing cheap operation. This is relevant for Denmark, where the high wind power generation can be
utilized in this way. In the case of the gas system, there is also the capability to transform the
stored energy back into electricity [4]. The district heat plants & production units can schedule
their operation according to prices & system requirements to get better energy efficiency and

economic benefits.

Nowadays, the majority of households in Denmark (more than 60%) cover their heating needs by
the use of district heating while others use individual heating options. Today’s heating sector is
mainly supported by combined heat & power (CHP) plants and, to a lesser degree, by other tech-
nologies like fossil-fueled boilers, waste to energy, electric boilers (EBs) and heat pumps (HPS)

[5]. In the next years, the renewable energy share in heating is expected to further increase with



the use of biomass instead of coal and gas in CHP stations, the increment in solar heating and
the advancement in the usage of HPs. The numbers of HPs will notice a significant rise in the
following years as they will take the place of conventional boilers. Figure 1.3 shows the heat
consumption in households from different means until 2030, where this change can be noticed

[6].
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Figure 1.3: Household consumption from different heating resources until 2030 [6]

The escalating penetration of these devices can cause major problems to the electrical grid be-
cause of their fluctuating electrical demand, affecting the planning, operation and control of the
network. These problems include overloading, deviation of voltage, power quality issues and volt-
age unbalance in the case of single-phase connection [7]. The management of these flexible
loads, the control of their operation as well as the coordination between them and the varying
distributed generators must be done in an effective way to avoid the appearance of issues to the

system.
1.2 Problem Formulation

Due to the increasing penetration of energy from renewable sources in Denmark to minimize the
usage of fossil fuels in the future, the synergy between different energy sectors is crucial. Power
to heat systems, where the excess electricity from variable renewable energy sources can be
utilized in the heating sector, is relevant for Denmark in order to achieve the country’s clean en-
ergy goals. Therefore, the interaction between the thermal systems and the electric network must

be properly assessed. The flexible electric loads that are used for heating, such as electric boilers



and heat pumps, affect the electrical system and need to be operated and controlled in a proper

way.
1.3 Obijectives

The project aims to investigate the impact of flexible HP units on electric distribution grids for
residential and large units and to develop suitable control schemes to enhance the utilization of
renewable generation in local grids and the efficient operation of distribution networks and heating

systems.
To achieve the above-mentioned objective, the following tasks will be conducted:

o Theoretical review of HP systems.

o Modelling of a distribution network with flexible HP units and renewable energy sources.

e Analysis of the impact of the HP loads at residential and feeder level (community-based)
on the electric distribution network.

e Application of appropriate control and coordination methods to enhance the renewable
energy utilization and achieve overall efficient system operation of heat and electricity

sectors.

1.4 Methodology

The main tool used for the simulations in this project is DIgSILENT PowerFactory. The models
for HPs and thermal storages were developed using the DSL (DIgSILENT Simulation Language)
module. The solar PV production profiles inserted in PowerFactory were prepared in MATLAB.
RMS simulations were performed for the daily operation. The result data from PowerFactory were
plotted using MATLAB.

The methodology followed can be described as follows:

- Development of models for residential & central HP — thermal storage, control methods
and gathering of data for PV production.

- Test of developed models.

- Simulations of different scenarios involving residential HPs and PVs in a Danish LV grid.

- Simulations of different scenarios involving large central HP and residential PVs in the LV

grid.



1.5 Limitations

Some of the limitations taken in this project are listed as follows:

e The power system was considered to be balanced 3-phase.

o Simplified models are used for HP and storage systems.

e Short-term transient behavior is not taken into account.

e PVs are modelled as static generators producing only active power.

o One representative day in winter and one in summer have been used for the studies.
1.6 Overview

Chapter 1 — The topic of the project is introduced with the basic background, objectives, method-
ology & limitations.

Chapter 2 — A state of the art review of the P2H systems with HP operation and participation in
smart grids as flexible loads.

Chapter 3 — A description of the models developed for this project including HP, storage and

control procedure.

Chapter 4 — Analysis of a LV grid with the integration of residential HPs and PVs and the applica-

tion of the control to enhance their synergy and increase the flexibility.

Chapter 5 — Analysis of LV grid with a central HP system and PVs and assessment of their syn-
ergy.

Chapter 6 — The conclusion of the project along with possible ideas for future work.



2 State of Art

This chapter touches upon the Danish electricity and heating networks and then P2H technologies
with focus on HPs are described. The topic of demand side management is presented along with
the applicability of HPs in smart grids. Finally, some aspects of the Danish electricity market,

which will be highly relevant for the future role of heat pumps in the system are mentioned.

2.1 Electricity & Heating Network in Denmark

The electric network in Denmark consists of the transmission system, operating at 400kV, 150kV
& 132kV (high voltage) and the distribution system, operating at several voltage levels below 60kV
(medium and low voltage) [8]. The Danish energy system has faced major changes in the previous
decades with the major integration of dispersed energy generation. The transition from a central-
ized system to a decentralized one can be noticed in Figure 2.1, where the state of the system at
the years 1985 and 2015 is visually compared [9]. Many decentralized plants, mainly wind tur-
bines and CHP plants, are currently incorporated in the Danish system. Distribution networks,
which are traditionally not designed for the hosting of distributed generators, are how becoming

active and this transition has a drastic effect on the operation and planning of these networks [10].

Windfarms ¢ Central plants @ Decentral and commercial plants e

Figure 2.1: Evolution of the Danish system [9]



The Danish heating sector consists of an extent district heating network, which is supported
mainly by CHP plants and also individual heating. An illustration of Denmark’s heating sector is
given in Figure 2.2 [9]. More than 50% of the district heating is utilizing renewable energy sources,
such as solar, biomass, biogas and geothermal energy. In 2015, there were 670 centralized and
decentralized CHP plants, producing heat and power at the same time, with a total power capacity
of 2500MW [11]. As for district heating HPs and EBs, in 2015, there were 45 EB connected at
voltage levels from 0.4kV to 150kV with a total capacity of 488MW and, at the same year, the
number of installed and under plan heat pumps was 23, with total electrical power 9.3MW [12].
Meanwhile, more than 27000 domestic electric heat pumps were installed in individual houses
[13]. In the future, it is expected that the numbers of large and small heat pumps, for district
heating and residential use, will increase rapidly with a rate of around 7% per year reaching 8%
of the total renewable energy consumption in 2030. Meanwhile, CHP plants numbers will decline

and the remaining ones will be shifted to utilize renewable energy sources [6].
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Figure 2.2: Danish heating supply in 2014 [9]



2.2 Power to Heat technologies

Power to Heat technologies, which refer to the direct conversion of electricity to heat, can be
distinguished into two categories, decentralized and centralized (Figure 2.3). Centralized technol-
ogies basically describe district heating, where large heat pumps and heat boilers can be utilized
in combination with energy storages. The decentralized ones, which are related to houses or
small urban areas, can be divided to direct and TES (thermal energy storage) options. Direct
options come without storage and include devices like radiators and heaters, while TES options
come with an external or internal thermal energy storage and include individual HPs and EBs [14].

P2H
J technologies \

Centralized —I Decentralized _I
. Direct

Heat pumps El. Boilers

Figure 2.3: Power to Heat technologies categories [14]

EBs are devices that use electricity to warm water in a tank through an electrical resistance or
directly through electrodes. They have a low initial cost and a coefficient of performance that is
around 1 [15]. The coefficient of performance (COP) can be defined as the ratio of the heat power
produced by the device (g) to the electric power required (P) as [14]:

q

COP =— 2.1
2 (2.1)

HPs move a fluid (refrigerant) through two sources, the heat source and the heat sink, as illus-
trated in Figure 2.4. The heat is taken from the heat source at the vaporizer, then a compressor
heats the fluid more and finally the heat is released to the heat sink at the condenser before the
fluid passes through an expansion valve for the cycle to start again [16]. HPs have high initial cost
but they are more efficient than EBs since their COP is higher with typical values around 3-5 [15].
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Figure 2.4: Schematic of heat pump operation [16]

One major aspect that affects the COP of a HP is the temperature difference between the source
and the heat sink. Because these temperatures fluctuate throughout the year, the COP of a HP
is not constant and varies. Therefore, the types of heat source and sink are very important for the
performance and efficiency of the HP. The most common sources that can be used for these
purposes are ground, air & water. Even though air as a source is easy to use and the most eco-
nomical option, it has high temperature variations and low temperatures in the winter. Water and
ground provide more stable operation without big temperature differences throughout the sea-
sons, which makes them more efficient, but have more difficult installation and higher cost [17]. A
comparison of the COP of 3 HPs that use air, underground water and ground is given in Figure
2.5[18].
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Figure 2.5: COP of heat pumps with different source in a year [18]
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2.3 Connection to the electric grid and related effects

The compressor of an electrical HP is driven by an induction motor that is connected to the grid.
At original HP technologies, the motors are connected directly to the grid, usually with the addition
of a soft starter, as depicted in Figure 2.6. These types of HPs are controlled by an ON/OFF
switch [19]. Usually, the control of the operation is done by setting a reference temperature point,
and a corresponding range. When the temperature goes above the upper limit the motor is turned-
off and when it goes below the lower-limit it is turned on again [20].

ON / OFF
switch

HP
compressor

Soft
Starter

Induction
Motor

Grid

Figure 2.6: Fixed-connected heat pump configuration [19]

At more advanced HP technologies, the compressor motor is driven by an inverter providing var-
iable-speed control. This type of configuration is depicted in Figure 2.7 where, as it can be seen,
an inverter and a rectifier exist between the grid and the motor. This setup gives more benefits to

the operation that include [21]:

- Variable speed control that provides better control and efficiency, as the temperature can be
regulated in a continuous way

- Soft-start to reduce undesired high turn-on currents

- Capability of power factor correction to provide better power quality.

Motor side Grid side
inverter rectifier

Induction
Motor

HP
compressor

Grid

Figure 2.7: Inverter-connected heat pump configuration [19]

HPs, being flexible loads, can affect the electricity network causing operational problems to its
operation due to their electrical characteristics. The induction machine of HPs can draw high
starting currents that are normally 4-7 times the nominal current and, even with the use of a soft-
starter, they can be reduced to 2 times the nominal value. This can create sudden voltage varia-
tions and affect the power quality of the system, including voltage dips and flickers. With a big

number of these loads connected at a single feeder, this may even lead to voltage collapse [22].
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Moreover, HPs that use single-phase induction motor cause voltage unbalance problems which
can be critical with a big accumulation of such devices. Unbalanced loads have more effect on
the loading increase than balanced ones [23]. HPs that come with a power electronic interface,
can threaten the power quality more, as they are sources of harmonics for the grid [21]. Another
important consequence of HPs on the system is overloading. Studies in [22] and [23] showed that
even a relatively small penetration of HPs, around 20-30%, can cause overloading of the substa-
tion transformer. Also, above this level of penetration, the system faces undervoltage problems
with the voltage reaching values below the typical lowest setpoint of 0.9pu. In order to tackle these
problems, suitable control schemes along with demand side management techniques should be

implemented.
2.4 Demand side management

Demand side management (DSM) refers to measures used to control the consumption of cus-
tomers in order to increase energy efficiency and attain system balance. In Figure 2.8 some com-

mon DSM techniques are presented [24].
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Figure 2.8: DSM schemes [24]

The term demand response (DR) describes the programs designed to give initiatives to the cus-
tomers to shift their electricity use, responding to changes in electricity prices [24]. Demand re-
sponse can be done by reduction of the consumption at peak times, which would create discom-
fort but decrease the energy cost, or by moving the consumption of flexible loads, like heat pumps,
to off-peak times when electricity is cheaper. Another option would be on-site generation, which
would make the customer more independent, but it would increase the complexity of the system
[25]. In general, demand response methods can be distinguished into incentive-based and price-

based. At price-based methods, customers get time-varying prices from the suppliers and decide
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to change their demand according to them. At incentive-based, the response is defined by third-

parties beforehand and the customers get compensated to follow this alternation [26].
2.5 Heat pumps in the smart grid

HPs, like other distributed resources, can be utilized in the framework of smart grids as part of
the demand side management in order to support the operation. The applications of HPs in the
smart grid can be broadly categorized into 3 areas [18]:

- Grid focused,
- renewable energy focused and
- price focused.

Grid focused applications have to do with the management of HPs in order to provide extra ser-
vices to the grid, like voltage regulation, congestion control as well as reserves and ancillary ser-
vices. In these applications, the HPs can be controlled by signals as the voltage level or the trans-
former loading state. At renewable based applications, special care is given to the integration of
renewable energy, mainly wind and solar, as well as the smoothing of residual load. In this case,
wind or solar power generation signals can be used for the HPs. Finally, price-based appliances
investigate the operation of HPs in different price environments. This means price signals that
can be fixed, like time-of-use tariff schemes, or variable, which can be real-time of ahead-time.
Of course, all the above categories are interdependent with the price always being a central as-
pect in the smart grid context [18]. A point that is crucial in order to achieve efficient and beneficial
management for HPs, as for the other flexible loads, is the development of intelligent systems for

metering, forecasting and communication between them and the associated companies in control
[4].

Studies in [27], [28] have shown that HPs can be efficiently used to shift load at certain times of
days, when the grid is overloaded, thereby reducing congestion problems. The use of a storage
or a supporting generator is essential for this cause, to keep the appropriate comfort level. In [29],
heat pumps are used to alleviate the overvoltage problems caused by PVs in residential areas,
reducing the PV infeed. However, in summer this effect was limited due to the lower need for
heating. [30] showed the applicability of HPs to utilize the excess electricity by renewable energy
sources and relief the grid when a large penetration of renewable generators is present. At [31]
HPs together with other flexible loads were used to provide frequency support in a high wind
penetrated system, performing actually better than typical generator units. Also here, the reduced

operational availability of HPs in summer was pointed out. [32] studied the economic benefit of
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using HPs inside a flexible price scheme. Using flexible price thresholds for the operation of the
HPs and optimization, savings were achieved up to 25%, increasing at the same time the self-
consumption ratio of PVs without dealing great loss of comfort.

2.6 Electricity market

Today’s Danish electricity exchange takes place at Nordpool, which contains Elspot and Elbas.
Elspot is the day-ahead market place, where electricity is traded one day before the delivery time
while at Elspot, the intra-day market place, exchange of electricity happens until one hour before
the delivery hour. The transmission system operator, Energinet, operates the regulating and re-
serve capacity markets in order to obtain balance in the system. At the regulating market, Ener-
ginet gets power from suppliers and consumers which can be used during the hour of operation
to fix imbalances due to forecast errors. At the reserve capacity market, Energinet makes agree-
ments for available reserve resources to use during the moment of operation in case of possible

outages [33].

The future demands changes in the current market, mainly due to the rise of renewable energy
sources which will change the generation and consumption relationship. The demand-dependent
system of today will turn into a generation-dependent one and the future market has to be able to
maintain high level security of supply in a cost-effective way. “Market model 2.0” notes the general
need for 3 aspects: adequate capacity, increased flexibility and new ancillary services. Firstly, in
order to attain sufficient capacity, which is expected to be reduced due to the shutdown of CHP
plants and the dominance of fluctuating wind power, the related proposals include the develop-
ment of strategic reserve, possibly in collaboration with the neighbor countries. For the flexibility,
the need for the utilization of the customer’s flexible loads is pointed out. Mainly heat pumps and
electric vehicles are expected to play a role here, as they have the ability to give flexibility in the
future system. This can be achieved by giving market roles to third-party aggregators who will
correlate the flexible demand to the system needs and by adjusting prices to give initiatives for
participation in the flexibility market. For the last point, the need for introduction of new reserve
services exists, as the current ones will be reduced. The change of market involvement of reserve

providers to make it more active and effective to increase these services is essential [34].
2.7 Summary

The interconnection of the Danish electric & heating network is prominent with the increasing
participation of P2H technologies in Denmark. Heat pumps, having high efficiency, can give many

possibilities for achieving flexibility in the future power system. Depending on the source and
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technology of heat pump the operation and the effects on the system can vary. The management
of heat pumps can contribute to the smart grid context through various aspects, including the
provision of support to the grid, assisting the integration of renewables and participation in the
energy market. On the other hand, they can create issues to the grid and have reduced operability

in summer due to less heating demand.
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3 System modelling

In this chapter, the modelling procedure followed for the components used in the studies is ex-

plained. The heat pump system models are described for residential and regional operation.

3.1 Residential heat pump system

The HP system that is modelled for residential operation consists of an air-water HP connected
with a hot water storage tank (HWST) in order to provide a residence with the necessary heat. In
Figure 3.1 a schematic of this system can be seen. The HP takes energy from the electrical grid,
produces power to heat the water in the tank and the energy from the tank is used for the resi-

dential heating demand. The house also covers its electricity demand from the grid.

RESIDENCE

RESIDENTIAL
ELECTRIC
CONSUMPTION
POWER
GRID
RESIDENTIAL
HEAT
CONSUMPTION
HEAT PUMP
ELECTRIC
CONSUMPTION
(Or]
i N
-, HOT WATER
HEAT PUMP STORAGE
Soll TANK
HEAT PRODUCTION =]
PUMP

Figure 3.1: Residential system layout

3.1.1 Residential heat pump and storage model

The HP is modelled based on the COP, following equation (2.1). The data for the HP values (rated
electric power) used were taken from [35]. To get a more realistic approach, the COP is taken to
vary as a function of temperature. Following the formula derived in [36] by interpolation of data

from the manufacturer, the COP is calculated using the atmospheric temperature (Tam) as:
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COP = —0.000016T2,,, + 0.00052T2,,, + 0.073Tm + 3.4 (3.1)

The resulting COP of the HP for a winter and a summer day is presented in Figure 3.2 with the
corresponding atmospheric temperature ranges shown in Table 3.1. As it can be seen, the COP
during summer is higher as expected due to the higher atmospheric temperature, which means
that the HPs are more efficient during this period. Also, the COP variation in summer is bigger.

The power factor of the HP was not indicated so it was assumed to be 0.98 inductive.

Table 3.1: Temperature range for winter & summer day

Winter -1.2~25]°C]
Summer 10.3 ~20.1 [°C]

winter
summer | |

5.5
! ]
v,
4.5 >,

COP
£

2571

01234567 8 9101112131415161718 192021222324
Time (h)

Figure 3.2: COP variation in a winter and a summer day

A heat storage is added to the HP to achieve more efficient management of the produced power.
For this storage, a cylindrical HWST is considered as depicted in Figure 3.3. The storage is mod-

elled using the average temperature of the water inside it.
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Figure 3.3: Hot water storage tank

The model was realized using the following relation of powers [37]:
Astor = th — qdemand — Qioss (3.2)

Where ¢4, the heat stored in the tank, gy, the heat provided by the HP, q4emana the heat con-

sumption and q,,ss the losses of the tank (in W).

Also, the following equations apply:

. dr
Gstor = MC at (3.3)
Qross = UA(T —T,) (3.4)

Where m the mass of water, C the specific thermal capacity of water (=4190J/kg-°C), T the aver-
age temperature of water inside the tank, U the overall heat transfer coefficient of the tank (in
W/m?2-°C), A the area of the tank and T, the temperature of the environment where the tank is
located.

Thus, equation (3.2) becomes:
mC—— = th — Gaemana — UA(T —T,) (35)

3.1.2 Control of residential heat pump

A control for the temperature of the water in the storage is developed. The control takes into

account the maximum & minimum allowed temperature in the tank within a specific comfort range.
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The temperature control operates as an ON/OFF control, turning off the HP when the temperature

reaches the upper limit and turning it on again when the temperature falls below the lower limit.

As a next stage, a voltage command has been added, taking into account the voltage of the bus
where the HP is located to avoid undervoltage issues. Now, the control takes the specified voltage
as an extra input as a combine temperature-voltage control. If the voltage falls below a selected
minimum value the HP will turn off nevertheless the temperature in the tank. The HP can be set
into operation again only if the system voltage reaches a set recovery value. The block diagram
for the whole arrangement developed in DIgSILENT PowerFactory modelling environment DSL

is shown in Figure 3.4.

Atm. T_atm
Temperature P
Heat pump
Voltage Q electrical
Heat pump demand
(eq.2.1)
v, (eg.3.1)
| S
Control
q_hp
Storage
(eq.3.5)
Heat g_demand
demand
T

Figure 3.4: DSL frame for residential HP system

An extra layer has been added to the temperature-voltage control to avoid the temperature in the
tank dropping dramatically below a set critical value. So, the HP can turn on after a voltage drop
either if the voltage reaches the recover value or if the temperature reaches the lower critical

temperature value.

The collective control operation is described graphically in Figure 3.5. The operation of tempera-
ture, voltage and critical control are highlighted. The maximum, minimum & critical temperature

limits are symbolized as Tmax, Tmin & Ter and the minimum & recovery voltage limits as Vimin & Viec.
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Figure 3.5: Control operation

3.1.3 Model performance

The model has been tested in a simple network that is depicted in Figure 3.6.

External Grid

Bus_0

Bus_1

Bus_2

HP Load

Figure 3.6: Simple grid for testing the model



At bus-2, which operates at 0.4kV, two loads are connected. One of the loads represents the heat
pump’s electric demand and the other one the residential electricity consumption. The system is
fed by an external grid of 10kV through a 10/0.4kV transformer.

Simulation for this system was performed using typical data for the residential demand for a day
in winter and one in summer. The residential heat demand consists of the combined effect of
space heating (SH) and domestic water heating (DWH). The HP was selected to have rated elec-
tric power 3.25kW while the storage size was selected at 0.5m?3 [35].

The results that show the operation of the model with the temperature control in winter are shown
in Figure 3.7. Here, the maximum allowed temperature is taken at 70°C with a comfort range of
15°C and a minimum temperature of 55°C. With the heat pump turned off, the temperature in the
tank reduces. The control signal turns on the HP when the temperature falls to 55°C and when
the maximum temperature of 70°C is reached the signal is removed and the HP turns off again.
Concerning the summer case, the corresponding results are shown in Figure 3.8. It is clear that
the HP operates less during this day. This is due to the higher COP of the HP in this period, giving

higher heat production, in combination with the smaller heating demand. This means reduced
flexibility form HPs during summer months.
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Figure 3.7: Temperature of water in tank, control signal and demand & produced heat in winter day with
temperature control
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Figure 3.8: Temperature of water in tank, control signal and demand & produced heat in summer day with
temperature control

The operation of the combined temperature-voltage control is shown for the winter case in Figure
3.9. Here, even though the temperature goes below 55°C at 20h the HP is not turned on because
the voltage has fallen below the limit (here taken as 0.93pu). Later, when the voltage reaches the

recover limit (here 0.97pu) the HP turns on. Now, the temperature has fallen below 55°C, at
around 40°C.

Adding the extra layer that considers the critical temperature value (taken as 50°C), the results
are shown in Figure 3.10. Now, the temperature is not allowed to fall below 50°C so the HP turns

on at 21h to maintain the temperature even though the voltage has not reached the recovery
voltage.
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Figure 3.9: Temperature of water in tank, voltage, control signal, demand and produced heat with temper-
ature-voltage control
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Figure 3.10: Temperature of water in tank, voltage, control signal, demand and produced heat with tem-
perature-voltage control including critical temperature setting
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3.2 Central heat pump system

A large central HP system is considered next, in order to provide the heat demand of a certain
area where a number of residences are located. The system consists of a brine-water HP con-
nected with a large HWST. The electric energy from the grid is transformed to heat by the HP
which is transferred to the storage and then delivered to the community.

3.2.1 Central heat pump and storage model

The model of the big HP is based on the COP similarly to the small one as per equation (2.1).
The heat source of the HP is ground which temperature does not present a big variation in a day.
So, the COP of the HP is considered constant in this case. From the manufacturer’s data [35] the
CORP is given for specific temperatures of heat source and heat sink. In order to adjust the COP

for the desired operation temperatures (Tsource & Tsink) €gquation (3.6) can be used [18].

Tsink

COoP =

Tsink - Tsource

(3.6)

Here, n is the quality factor of the HP and the temperature values are expressed in [K]. The quality
factor can be determined by equation (3.6) using the COP value that is given by the manufacturer
for the indicated Tsource and Tsink. Then, the value the COP for the desired Tsource and Tsink can be
calculated by using equation (3.6) anew with the calculated quality factor. For a 146kW HP from
[35] the COP is given at 4.55 for values of Tsouce / Tsink: 0 / 35°C. Using these values, the quality
factor is calculated at 0.52. Then, by using the quality factor of 0.52 and temperatures of source
5°C (typical value of ground temperature for winter in Denmark [38]) and sink 70°C (typical value
of district heating supply water [39]) the actual COP is calculated at 2.75.

A time shift between the turn-on of the HP and the production of heat has been considered in the
model to take into account the delay of the compressor to reach full power. This was neglected
for the small HP as it would be quite smaller. The value of this delay is taken to be 10min [40]. A

step response is considered for this, as shown in Figure 3.11.

Operation of HP [0= OFF, 1= ON]

= = = = T hermal Power O/P (Normalised)

Power

Time

Figure 3.11: Time delay between HP tun on and heat production [40]
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For the large thermal storage, the modelling is done using the amount of energy inside the tank.

The state of energy (SOE) of the tank in pu can be defined as in equation (3.7) [41].

Eini + Ehp - Edemand - Eloss (3_7)
E.

Where, Ein the initial energy at the tank, Enp, the energy provided by the HP, Egemanda the energy

SOE =

demand, Eloss the energy losses of the tank. The energy capacity of the tank can be calculated
by equation (3.8).

E, =mC(T, —T.) (3.8)

Where Ty and T. the temperature of the supply and return water. Typical values for these temper-
atures for the district heating system in Denmark are 70°C and 40°C [39].

The losses in the tank are mapped in relation to the SOE. When the tank is full of hot water, SOE
is 1pu, and the losses can be calculated using equation (3.4) with T equal to Tn. When the tank
has no hot water and is full of cold water, SOE is Opu and the losses are calculated by equation
(3.4) with T equal to T.. For a storage of volume 100m?3 [42] (area of 118m?) with U equal to
1W/m2-°C and T, at 10°C using linear interpolation, the following formula is derived for the heat

losses power (in kW).

Gioss = 3.56 SOE + 3.56 (3.9)

3.2.2 Control of central HP

The control developed for the central HP is an ON/OFF control that takes into account the SOE
of the storage tank. The control checks the SOE and keeps it between a minimum value SOEmin
and a maximum value SOEmax. The HP turns on when the SOE falls below the minimum value
and turns off when the SOE reaches the maximum value. The DSL model and the block diagram
of the control operation are shown in Figure 3.12 and Figure 3.13.
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Figure 3.12: DSL model for central HP
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Figure 3.13: Control operation for central HP system
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3.2.3 Model performance

The model for the large central HP is tested at the same test grid as before (Figure 3.6) with the
HP load now located at bus-1 (low-voltage side of transformer) instead of bus-2. The results of
the operation are depicted in Figure 3.14. The data used here are referring to the winter day that
was used also in the residential case with the heat demand scaled. The tank initially is fully
charged and its energy is used to cover the demand. At around 10h the SOE reaches 0.5pu which
is the minimum control limit taken in this case. So, the HP turns on and starts producing heat after
a time delay of 10min. At around 18h, when the tank is fully charged (SOE is 1pu), the HP turns

off and the stored energy is used for the demand for the rest of the day.
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Figure 3.14: SOE of tank, control signal and heat demand & production for large system

3.3 Summary

The modeling and the control procedure are described. For the residential system, a temperature
control that satisfies comfort but does not take into account the condition of the grid and a tem-
perature-voltage control that slightly compromises comfort to avoid voltage problems are devel-
oped. In order to reduce the loss of comfort, a critical temperature limit is added to the tempera-
ture-voltage control that overrides the voltage. In the following studies, the temperature control
and the temperature-voltage control with critical temperature are going to be applied. From the
testing of the model the reduced applicability of HPs in summer can be observed. For the central

system a control of the stored energy that takes into account the SOE of the tank is developed.
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4 Analysis of LV grid with residential HPs & PVs

In this chapter, the studies and results for the operation of residential HPs and PVs in a LV grid

are presented.

4.1 Grid description — Base operation

For the forthcoming analyses, a low voltage grid has been used. The grid consists of 6 feeders
(F1-F6) accommodating a total of 164 residences, being fed by the medium voltage grid through
a 10/0.4kV transformer. A schematic of the grid is depicted in Figure 4.1. The parameters of the
grid can be found in Appendix A.
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Figure 4.1: The LV grid used in the studies

In this work, it is considered that the residences have the same electrical demand profile but
different magnitudes based on daily demands. Their profile is shown for a winter and a summer
day, as a percentage of the total daily demand, in Figure 4.2. As it can be seen from the profile,
both for winter and summer, the higher electricity demand is observed from the evening till the

midnight while in the morning the demand is significantly lower and minimal after midnight. The
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daily consumptions of the loads range from 1.15kWh/day to 42.78kWh/day for the winter case
and 0.81kWh/day to 29.95kWh/day for the summer case. At the current state, the houses do not
have any electrical heating and are supplied by the district heating network.
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Figure 4.2: Electric load consumption profile in percentage for (a) winter day (b) summer day
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As a reference case, for the grid analysis with only the base residential loads, the main results
are shown in Figure 4.3. The transformer loading throughout a winter day, the maximum loading
for all lines in the grid and the terminals with the lowest voltages are presented. The lowest voltage
is located at terminal 163 of feeder 6, which is 0.96pu. No major overloading is observed, with the
transformer maximum loading being 24% and the maximum line loading 26%. For the summer
case, the results are similar due to the similar load profile but the voltage drops and loadings will

be slightly lower due to reduced load magnitudes in summer.
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Figure 4.3: (a) Transformer loading, (b) maximum line loading, (c) minimum terminal voltages for initial
operation - winter
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4.2 Case Studies: Smart Integration of HPs and PVs

To analyse cases of smart integration of heat pumps to the grid and the interaction with solar PVs,
five different cases are formulated. First, in Case 1, only the temperature control of HPs is taken
into account. After that, in Case 2, the operation with the addition of voltage control of HPs is
investigated. Then, PVs are added and study with the combined temperature-voltage control is
performed in Case 3. In Case 4, Case 3 is considered but with the storage sizes reduced to half
in order to see the effect of storage size on the flexible operation. Finally, in Case 5, Case 3 is
repeated for the summer to notice the potential flexibility from the HPs in this period. In the tem-
perature-voltage control used here the critical temperature setting is also taken into account. All
in all, the scenarios are outlined in Table 4.1.

Table 4.1: Study case overview

Case HPs Temp. Control Volt. Control PVs
1 o o
2 o o ¢)
3 o o o o
4 Case 3 with half size storages
5 Case 3 for a summer day

The temperature control limits are set to 55°C and 70°C for the minimum and maximum temper-
ature, as in [43]. It is assumed that the consumer comfort is satisfied while the temperature is
maintained in these limits. For the voltage control, considering a desired margin of 5% for the
system voltage, the values taken are 0.95pu for the minimum voltage and 0.97pu for the recovery
voltage in order for the HPs to safely turn on again. The critical temperature that will activate the
HPs regardless of the voltage is 50°C to minimize loss of comfort. With the addition of PVs and
to increase the self-consumption in the house, which in turn also establishes synergy with the
thermal load/storage, the lower temperature limit is raised from 55°C to 60°C during the time
period of considerable PV power production. So, if the PV produces power mainly from 11-15h in
a winter day, the temperature limits become narrower during this time in order for the HPs to turn
on more frequently and operate for an extended time. This way, the power from the PVs is utilized

from the HPs for their operation and to charge the storages.

30



4.3 Insertion of HPs & PVs

The heat demand of the houses for a winter and a summer day follows the profiles depicted in
Figure 4.4, as a percentage of the daily thermal demand. The main peaks of heating consumption
are located in the morning and from late afternoon until the night. However, it can be noted that
the variation of the demand is not so big and there is always need for heat, restricting the potential
control of heat demand. In summer, the peaks are slightly shifted in the morning with a bigger
drop after midnight. The daily demand of the individual houses ranges from 8.29kWh/day to
88.16kWh/day for the winter case and 2.1kWh/day to 22.05kWh/day for the summer case.

45 T T T T T 4.5

Heat load (% of daily demand)
Heat load (% of daily demand)

38
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Time (h) Time (h)
(a) (b)

Figure 4.4: Heat demand profile in percentage for (a) winter day (b) summer day

The loads in the area have been separated into three categories by the assumption that higher

electricity demand is associated with higher heating demand, as shown in Table 4.2.

Table 4.2: Categorization of loads

Category Electric demand Heat demand Number of residen-
[kWh / day] [kWh / day] tial loads in the grid

I > 22 >55 6

Il 10-21 35-55 62

Il <10 <35 96

Taking into account this categorization, heat pumps are integrated into the residences. In relation

to the categories described above, heat pumps of different rated power and storages of different
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sizes (based on [35]) have been used as this is shown in Table 4.3. For Case 4, to investigate

how storage size can affect the operation, these storage sizes are reduced to 1, 0.75 & 0.5m?
respectively.

Table 4.3: HP & storage for each load category

Category HP rated power Storage size [m?]
[kW]
I 4.2 2
Il 3.25 1.5
Il 1.73 1

PVs will also be connected to the residences. The PV profiles that were taken for a winter and a
summer day are depicted in Figure 4.5. The size of the PVs was selected and distributed consid-

ering the categorization of the houses that was described above as depicted in Table 4.4.
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Figure 4.5: PV profile for (a) winter day (b) summer day

Table 4.4: PV rated power for each load category

Category PV rated power [kW]
I 6
Il 4
I 2
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4.4 Operation under different scenarios

441 Casel & Case?2

In these cases, the operation with only HPs is investigated. Case 1 takes into account only tem-
perature control while in Case 2 combined temperature-voltage control with critical temperature
is implemented. The results for these cases are shown in Figure 4.6, on the left side for Case 1

and on the right side for Case 2.

As in case 1, when the HPs are operating under only temperature control, the temperature at all
houses is regulated between the limits of 55°C and 70°C. Now, the voltage of the system drops,
with the minimum value of 0.94pu at feeders 2,4 & 6, as shown in Figure 4.6(c). In Figure 4.6(a)
& Figure 4.6(b) it can be seen that the loading has increased in comparison to the base grid case,
with a maximum line loading of 44% and maximum transformer loading of 38%. From here can
be inferred that in order to have 100% penetration of HPs and to maintain the desired temperature

comfort, problems can appear to the grid, involving undervoltage and higher loading.

With the addition of the voltage control in case 2, the lower voltage is limited at 0.95pu, as appears
in Figure 4.6(c). The maximum line and transformer loadings are slightly improved to 36% and
37% respectively in relation to Case 1, as depicted in Figure 4.6(a) & Figure 4.6(b). As for the
temperatures, the critical control allows them to drop up to 50°C now. As it can be seen from
Figure 4.6(d), at terminal 163 of feeder 6 the temperature starts dropping below 55°C reaching
53°C at midnight due to the effect of voltage control that turns off the heat pumps then. This
means a small loss of temperature comfort to restrain undervoltage with the critical control assur-

ing that this loss is limited.
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Figure 4.6: (a) Transformer loading & HP in operation, (b) maximum line loading, (c) minimum voltage
at each feeder (d) temperature of minimum voltage terminals for Case 1 and Case 2

4.4.2 Case 3

In this case, the operation of HPs jointly with PVs is simulated and combined temperature-voltage

control with critical temperature is applied. The corresponding results are illustrated in Figure 4.7.
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Figure 4.7: (a) Transformer loading & HP in operation, (b) maximum line loading, (c) minimum voltage
at each feeder (d) temperature of minimum voltage terminals for Case 3

The PVs are added to the system and in order to maximise self-consumption, the lower temper-
ature limit of the control is raised from 55°C to 60°C at the time period that the PVs produce
significant amount of power (from 11:00 to 15:00). This leads to a sudden increase of operating

HPs at 11:00, which can be seen in Figure 4.7(a), as they are turned on to supply the storages

35



using the power from the PVs. At the same Figure can be seen that after 15:00 the number of
operating HPs drops as the temperature lower limit is decreased again while the storages are
fully charged and can provide the necessary demand for the following hours. So, through the PVs
and storages the peak demand is regulated with the HP operation shifted from evening - where
the electric demand is high - to noon. This also results in an improvement in the voltages, com-
paring to Cases 1 & 2, during these hours that can be witnessed in Figure 4.7(c). However, it can
be seen in Figure 4.7(a) & Figure 4.7(d) that around 20:00 the HPs start operating again as the
temperature of the water in the storages eventually drops. The minimum voltage is regulated to
0.95pu, because of the voltage control, while the transformer and line loading are lightly improved
to 37% and 33% each. It can be noticed in Figure 4.7(d), that the lower temperature at the mini-
mum voltage buses is maintained at 55°C and that the charging and temperature rise are inter-

rupted at times of low voltage as the heat pumps turn off then to avoid undervoltage.
443 Case4

The operation of HPs with temperature-voltage control and PVs but with the storages reduced to
half is investigated. The results are shown in Figure 4.8.

The temperature control is again adjusted to 60°C at 11:00-15:00, the time of PV generation. With
the storages reduced to half of their size, they are now not able to keep the temperature for a long
time. This results in the increase of HPs in operation, loading and fall of voltage at around 18:00,
as seen in Figure 4.8(a) & Figure 4.8(b). Because the temperature in many storages is lost at
around the same time (20:00-21:00), a lot of HPs have to turn on simultaneously which results in
crucial voltage drop and loading rise, as noted in Figure 4.8(a)-(c). As the temperature threatens
to fall below the set critical value of 50°C, the voltage control is bypassed to sustain it, which
results in eventual voltage drop to 0.92pu. Meanwhile, the transformer and line loadings are in-
creased, having higher values compared to the previous case at 43% and 57% respectively. From
these results, it is clear that smaller storage size can worsen the operation as it is not able to

provide the required flexibility.
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Figure 4.8: (a) Transformer loading & HP in operation, (b) maximum line loading, (c) minimum voltage
at each feeder (d) temperature of minimum voltage terminals for Case 4



444 Caseb

Here, the operation of HPs with temperature-voltage control and PVs in a summer day is consid-
ered. The results are depicted in Figure 4.9.
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Figure 4.9: (a) Transformer loading & HP in operation, (b) maximum line loading, (c) minimum voltage
at each feeder (d) temperature of minimum voltage terminals for Case 5

As the availability of solar power is longer during this day the lower temperature limit of the control
is raised to 60°C from 9:00 till 18:00 to benefit from the PVs. Due to the large production of PVs



in summer the main problem of the grid, as observed in Figure 4.9(c), is not undervoltage but
overvoltage as the minimum terminal voltage is 0.98pu while the maximum one reaches 1.06pu.
As can be seen from Figure 4.9(a) many heat pumps are turned on at 9:00, which is the time the
lower temperature limit rises to utilize the PV power and provide the thermal load and storage. At
the same time, the voltage drops due to many HPs turning on together, as in Figure 4.9(c). After
the storages are fully charged, the HPs are turned off and the voltage rises again. After that, the
HPs are not needed to operate again in the day as the heat produced was enough to provide the
following demand. The big quantity of PV power results in high loadings and reverse power flow.
The maximum transformer loading is 54%, in Figure 4.9(a), at the time the PV production is max-
imum. The maximum line loading as seen in Figure 4.9(b) is 59%. The temperature is maintained

in the desired limits as in Figure 4.9(d).
4.5 Discussion of results

The results from the previous studies are summarized in Table 4.5. As it can be seen, comparing
Case 1 & Case 2, loadings and voltages can be improved by the use of voltage control with a
minor compromise for temperature comfort. Also, from Case 3, the PVs seem to give benefits to
the operation, being able to provide flexibility for a certain period of time in cooperation with the
thermal storage. Their produced power is used for the operation of HPs, increasing the self-con-
sumption of PVs. At the same time, the storages are charged which gives the flexibility, as they
support the production for the next hours alleviating the grid from overloading and undervoltage
issues. This way, the synergy of PVs and HPs provides grid operational flexibility and increased
utilization of solar power without threatening greatly the consumer comfort by the use of a simple
local control instead of complex systems required for the management of the loads and for com-
munication. The flexibility is greatly depended on the storage size, as can be noted from Case 4,
with smaller storage providing little flexibility and resulting in the appearance of enhanced prob-
lems regarding the grid condition. Because the storage was not able to support until the night
hours, when the demands are higher, the HPs have to turn on collectively which induces crucial
issues to the grid operation. As for the summer, Case 5 showed that the overvoltage issues that
appear due to high solar power penetration cannot be improved by the utilization of the PV power
for the heating load/storage, as the heat demand is quite low, which means reduced operation of
the HPs and less flexibility from them and also the PV power is quite high. However, the large
guantity of PV power until the evening can provide the thermal load for the rest of the day without

the need to operate the HPs.

39



Table 4.5: Results overview

Case Max. trans- Max. line load- Min. voltage Min. allowed
former loading ing [%] [pu] temp?rature

[%] [°C]

1 38 44 0.94 55

2 36 37 0.95 50

3 33 37 0.95 50

4 43 57 0.95 50

5 54 59 0.98 50

4.6 Summary

The operation of a LV grid with 100% penetration of HPs under different controls and the cooper-
ation of HPs with PVs has been investigated. By the use of the voltage control, the voltage can
be restrained above a certain limit with the temperature comfort remaining above a critical value.
PVs can increase self-efficiency and provide flexibility to the grid by charging the storage. The
inability of small size storage to support the operation was observed as well as the limited flexibility
potential of HPs in summer. In the next chapter, the operation of a central large-scale HP will be
investigated for the same grid.



5 Analysis of LV grid with central HP & PVs

This chapter presents the studies and results for the central HP system and residential PVs in the
LV grid.

5.1 System description

The low voltage grid now accommodates a central HP that is inserted at the bus at the low-voltage
side of the substation transformer. The HP has to supply all the area with heat so the heat demand
that needs to be covered is the sum of the individual heat demands of all the residences increased
by a percentage of 10% to take into account the heat losses in the heating supply system. This
leads to a total heat demand of 4670kWh/day to be covered. The supply and return temperatures
for the water are considered 70°C and 40°C each [39]. The HP size, COP and storage size used
were discussed in Chapter 3.2.1 and are shown in Table 5.1. Individual PVs are accommodated

in the residences with rated power and profile as described in Chapter 4.3.

Table 5.1: Central HP and storage values

HP rated power [KW] COP Storage size [m?]
146 2.75 100

5.2 Case studies

To observe the effect of the large HP on the grid and the cooperation with the individual PVs, 3
study cases are formulated. In the first case, Case 1, the operation of the grid with the central HP
and the residential loads is presented to see the effect of the large HP on the grid. In Case 2, the
operation without the HP but with the residential PVs is simulated to notice potential overvoltage
and reverse power flow issues from the PV generation. Case 3 considers the combined operation
of the large HP and the residential PVs in order to assess their cooperation in order to restrain
reverse power flow and increase local consumption inside the area. The cases are outlined in
Table 5.2. The HPs in all cases operate under SOE control with limits of 0.5pu and 1pu while the

storage is considered to be fully charged initially. All the cases are referring to a winter day.
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Table 5.2: Study cases for large HP system

Case HP PVs
1 o
2 o
3 o o

5.3 Operation under different scenarios

5.3.1 Casel

In this case, the initial grid with the large HP installed is considered to observe its impact. The
results are shown in Figure 5.1.

As the storage is initially fully charged, its power is used to cover the demand. This is possible
until around 9:00 when the SOE limit of 0.5pu is reached and the HP is turned on (Figure 5.1(d))
to charge the storage. The HP stays on until the storage is fully charged again which happens at
18:00. During this period, the power flowing through the substation transformer and the trans-
former loading rise significantly reaching maximum values of 285kW and 47% each, as can be
seen in Figure 5.1(e) & Figure 5.1(a). At the same time, a drop can be observed at the voltages,
as in Figure 5.1(c). After 18:00, when the HP turns off, the loading, power flow, and voltages are
improved as the demand is now covered by the fully-charged large storage. The minimum voltage
observed in the system is almost 0.96pu at feeder 6 which means that the 5% voltage limit that
has been assumed in the studies is not violated with the use of the central HP. The maximum line

loading is observed also at feeder 6 with a value of 26%.
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Figure 5.1: (a) Transformer loading, (b) maximum line loading, (c) minimum voltages at each feeder,
(d) HP & storage state and (e) power flow through substation transformer for Case 1

5.3.2 Case?2

Here the simulation of the initial grid with the addition of residential PVs is done to clearly notice
how they affect the operation. The results are illustrated in Figure 5.2.
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Figure 5.2: (a) Transformer loading, (b) maximum line loading, (c) minimum voltages at each feeder
and (d) power flow through substation transformer for Case 2

As the PVs operate mainly from around 11:00 until 15:00, increase in voltage, loadings and re-
verse power flow is observed during this period. From Figure 5.2(a)-(b) it can be seen that the
maximum transformer & line loadings are 34% and 37% respectively. Big reverse power flow
occurs during the whole period of PV production as seen in Figure 5.1(e). The maximum amount
of the reverse power flowing back to the MV is 210kW taking place between 13:00 and 14:00. As
for the induced overvoltage, its maximum value reaches 1.04pu at feeder 6 while the lowest volt-

age on the same feeder is above 0.96pu. The biggest issue concerning the PV operation, in this
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case, is the reverse power flow as there is a big amount of excess energy that needs to be sent

back to the MV level, which may be related to inefficiency and high cost for the utility.
5.3.3 Case 3

Here, the combined operation of the central HP and the residential PVs is analysed. The results

associated with their joint performance are shown in Figure 5.3.

The combination of the HP and the PVs shows some improvement in the operation when com-
paring to the individual performance in Case 1 and Case 2. This improvement is present when
the HP and the PVs operate together, from around 11:00 till after 15:00, as at this period the
power produced from the PVs is consumed from the HP. That results in reduction of the trans-
former loading during this period as can be seen in Figure 5.3(a). However, after the PV produc-
tion stops the HP needs to operate for few hours more so the loading increases again reaching
the same maximum value as in Case 1. As seen in Figure 5.3(b), the maximum line loading is not
reduced compared to Case 2 as the same PV power passes again through the lines to the HP.
The overvoltage in the system is faintly improved, with a peak value of 1.035pu as seen in Figure
5.3(c) as there is still reverse power flowing in the lines of the grid causing overvoltage. However,
the reverse power flow through the substation transformer is significantly decreased with a max-
imum value of 65kW (Figure 6.3(e)) instead of 210kW in Case 2 which means a decrease of
approximately 70%. So, the utilization of the PV power and the self-consumption inside the area
is highly increased while quite less power is needed to be sent back to the MV level meaning
reduced cost for the utility and increased efficiency.
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Figure 5.3: (a) Transformer loading, (b) maximum line loading, (c) minimum voltages at each feeder,
(d) HP & storage state and (e) power flow through substation transformer for Case 3

5.4 Discussion of results

From Case 1 & Case 2 can be noticed that the individual operation of the HP and the PVs can
have as impact the increase of the system loadings. The large HP effect on the undervoltage is
not crucial even with the conservative 5% voltage limit considered and less compared to the effect
of the residential HPs. This is due to the fact that the bus where the HP is located is a strong bus.
The operation of the PVs is strongly related to increased overvoltage and reverse power flow

issues. The reverse power flow in Case 2 was quite high which induces technical and economic
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problems to the grid and the associated utilities. The combination of the PVs & HP operation in
Case 3, showed the potential of reducing the system loadings at the time of the PV production.
The major effect of the joint operation can be noticed in the reduction of the reverse power flowing
to the MV level, managing to restrain it by a percentage of 70% comparing to Case 2. This means
increased self-consumption and efficiency as the PV power is effectively used for the operation
of the HP to satisfy the heating demand of the area and as a result, there is reduced need for PV
curtailment. On another notice, less amount of power needs to be sent to the MV level, which
means reduced costs as the prices can be high when the production from renewables is large
and there is excess generation available. The overvoltages in the grid were not markedly im-

proved as there was still reverse power flowing in the lines of the grid.
5.5 Summary

The operation of a central HP with residential PVs has been assessed. The main benefit of the
combined operation was the restriction of reverse power flow to the MV grid and the increase of
local consumption by utilizing the PV power for the HP. During the time period of simultaneous
HP & PV operation improvement was noticed in the system loadings. The voltages were not af-

fected noticeably by the HP as it was located on a strong bus.
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6 Conclusion

6.1 General conclusions & discussion

The aim of the studies in this project was to assess the effect of HPs to the electrical power system
and to investigate their capability to participate in the future power grid and enhance the grid
operation by providing flexibility in cooperation with local PV generation. Two different HP sys-
tems, a residential one and a central one, were inserted in a typical Danish LV grid along with

residential PVs and their effect on the operation was analysed.

For the residential study, HPs of different rated power interconnected with hot water storages of
different sizes were distributed to all the 164 residences along with individual PVs. An ON/OFF
control was developed in order to maintain the customer comfort by keeping the water tempera-
ture above a certain limit. The control also monitored the voltage of the grid regulating it above a
certain value while making sure no great loss of comfort occurs. The results showed that in order
to have 100% penetration of HPs and to keep the voltage in a 5% limit the consumer comfort was
slightly violated. For the cooperation of HPs with the PVs, the studies showed that the PVs can
be used when their production is high to support the thermal load and charge the storage. The
storage energy was used later in the day when the demand was also higher, satisfying the de-
mand for the rest of the day and relieving the grid. In this way, increase of self-consumption and
efficiency was achieved by a simple control that does not need complex systems to achieve com-
munication between the different units which could result in cost increment. The storage size
seemed to be crucial for effective operation as smaller size storages were not able to provide
enough flexibility to assist the operation. For the summer case, the operational capability of HPs

was reduced so their benefits in cooperation with PVs were limited.

For the large system, a large HP with a large storage was located at the LV side of the substation
transformer in order to supply the whole area with heat. An ON/FF control was implemented here
that takes into account the energy level of the tank and keeps it above a certain level. Results
showed that the effect of the HP on the voltage was not big, as the grid did not face undervoltage
issues even with the conservative 5% voltage limit. In cooperation with the PVs, the HP was
successful at restraining the reverse power flow from the LV grid to the MV level. This resulted in
the increase of local consumption inside the area and the reduction of necessity to send power
back to the MV grid which can be related to high cost for the utility, especially at times when the
renewable production is high. Also here, the power from the PVs stored in the tank could be used

in the evening and night satisfying the heat demand. The induced overvoltage by PVs in the grid
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did not seem to reduce as reverse power flow was still present at the lines. The operation of PV
in reactive power regulation could possibly be a more efficient solution in cases where this over-

voltage would be a problem exceeding the grid limits.

Comparing the two different systems, it can be concluded that the effect on the voltage of the
residential HPs was higher in comparison to the large one, as the latter was located at a strong
bus. The application of the voltage control managed to restrain the voltage for the residential HPs
causing a slight loss of comfort at some residences while in the central case there was no need
for this action. In cooperation with the PVs both cases showed benefits, increasing the local con-
sumption by utilizing more cheap clean energy. At the central system case, the reverse power
flow could be limited at the substation point which reduces costs for sending the excess energy
to the MV but as there will be still reverse power flow in the individual lines it would not be efficient
in reducing overvoltage. For the operation in summer, residential studies showed reduced oper-
ation ability and flexibility which should also be expected for the central case as heating demand

is lower and PV generation increased.

As a general conclusion, it can be said that HPs seem to aid the electric grid operation and provide
the necessary flexibility when combined with storages. Local controllers that do not make neces-
sary the employment of communication systems and large data handling can be applied to make
beneficial operation possible. Other types of loads that are expected to be integrated in the future
grid, like electric vehicles, can be controlled in a similar way and coordinated with HPs and re-
newable generation in order to potentially offer increased advantages to the grid operation. The
operation of HPs together with renewables was validated that can work in a good way, managing
to increase the use of renewable energy and self-consumption, supporting future clean energy
goals without endangering the grid. Power to heat systems with the ability to boost the utilization
of renewable energy can be considered of high importance in community-based energy projects
that are quite relevant lately and can be highly beneficial to the society and for the EU energy
goals. The size of the heat storage is clearly very important as provision of enough flexibility is
only possible if the storage is large enough. Finally, as the heating needs are reduced in summer
the flexibility provided is minimized and the employment of other measures should be considered

for achieving flexible operation in summer periods.
6.2 Future work

Some ideas relevant for future work on the topic of this thesis are presented here:
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Application of converter-based HPs that can offer more operational ability. This way the
power can be controlled in a continuous way and get adjusted to the current demand.
Detailed modelling of stratified storage tanks that can offer increased efficiency.
Modelling of PVs that includes reactive power regulation. So, the PVs can participate in
the voltage control and assist the operation.

Implementation of a central control that includes communication between different units in
order to compare its performance to the local individual control.

Taking into account the interaction of the HPs with the market. In the future smart grid, the
participation of the flexible units in the energy market will be significant and will influence
the control decisions.

Addition of more types of distributed energy resources (e.g. electric vehicles, wind tur-
bines). More flexible units are about to come in the LV grids in the future and their individ-
ual and combined effect should be properly analyzed and their operation coordinated.
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APPENDIX A

LV GRID DATA
Transformer data
630kVA | 10/0.4kV U=4.66% | Plosscu=6.5kW | Piossre=868W
Cable data
Cables Resistance (Q/km) Reactance (Q/km)
C1, C10-C14, C21-C24, C30,
C31-C36, C37, C42 0.208 0.086
C2-C6, C39-C41 0.642 0.087
C7 0.321 0.086
C8 0.526 0.083
C9, C59, C60, C62, C63 1.201 0.094
C15-C20, C25-C29, C38, 0.321 0.086
C43
C44-Ch0, C52, C53, C55-
C58 0.642 0.09
C51, C54, C61, C64 1.141 0.09
terminal lines 1.81 0.094
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