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Abstract

Achieving (inter)national climate goals will require commitment from a range of
sectors. For buildings, the majority of emissions originates from space heating.
Non-residential buildings, and school buildings in particular, present challenges in
reducing CO4 emissions due to the specific characteristics of these buildings and
the limited availability of budgets. Hybrid heating systems offer a solution, as they
permit the integration of heat pumps into the current heating system, resulting in a
reduced initial investment cost and no necessity for other energy-saving measures.

This thesis investigates how heat pumps can be integrated into the fossil-fuel
based heating system of typical Flemish school buildings to achieve a cost-effective
CO4 emission reduction, while maintaining thermal comfort.

Air-source heat pumps in particular are interesting for schools, as they have a
lower investment cost and less stringent locational requirements than ground-source
heat pumps. The sizing of the heat pump in a hybrid heating system is important,
as it determines investment cost, annual energy cost and achieved emission reduction.
Different parameters affect the optimal heat pump size in a hybrid heating system:
the remaining lifetime of the currently installed heating system, the required CO»
emission reduction, but also building parameters of which insulation levels, window-
to-wall ratio, airtightness and building orientation are the most important ones.

The larger the heat demand of a school building, the lower the cost per tonne of
COg4 emission reduction relative to the baseline scenario. For the average Flemish
school building, achieving the 2030 emission target will always come at a certain cost.
This 25% emission reduction is achievable with an air-source heat pump between
10% and 20% of the peak heat demand. If the school building has a well-insulated
building envelope, or if it has average insulation levels but high infiltration rates, or
if due to building orientation the amount of solar gains is limited, it is advisable to
select the capacity of the heat pump in the upper half of this range.

Optimising the control strategy of the heating system, for example by imple-
menting model predictive control, significantly improves the performance of hybrid
heating systems, leading to higher coverage ratios, lower CO4 emissions and lower
annual energy costs. It can also significantly improve the performance of the currently
present gas-fired heating system, and it allows to install a slightly smaller capacity
of heat pump to achieve the same CO2 emission reduction.

The installation of an air-source heat pump thus is a cost-effective way for schools
to reach the 2030 emission targets. This allows schools to spread energy-saving
measures in time, paving the way for carbon neutrality of heating by 2050.
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Samenvatting

Om de (inter)nationale klimaatdoelstellingen te halen, is de inzet van verschillende
sectoren nodig. Voor de gebouwensector is het grootste deel van de emissies afkomstig
van ruimteverwarming. Voor niet-residentiéle gebouwen, en schoolgebouwen in het
bijzonder, kan het verlagen van hun COs-emissies een uitdaging vormen vanwege de
specifieke kenmerken van deze gebouwen en de eerder beperkte beschikbare budgetten.
Hybride verwarmingssystemen bieden een oplossing, omdat ze de integratie van
warmtepompen in het huidige verwarmingssysteem mogelijk maken zonder zeer hoge
investeringskosten en zonder de directe noodzaak van energiebesparende maatregelen.

Deze thesis onderzoekt hoe warmtepompen geintegreerd kunnen worden in het op
fossiele brandstoffen gebaseerde verwarmingssysteem van typische Vlaamse schoolge-
bouwen, om op die manier een kosteneffectieve COq-emissiereductie te bereiken, met
behoud van thermisch comfort.

Vooral lucht-water warmtepompen zijn interessant voor scholen, omdat ze een
lagere investeringskost hebben en minder strenge locatievereisten dan grond-water
warmtepompen. De dimensionering van de warmtepomp in een hybride verwarmings-
systeem is belangrijk, omdat dit de investeringskost, de jaarlijkse energiekost en de
emissiereductie bepaalt. Verschillende parameters zijn van invloed op de optimale
grootte van de warmtepomp in een hybride verwarmingssysteem: de resterende le-
vensduur van het huidige verwarmingssysteem, de vereiste COs-emissiereductie, maar
ook gebouwparameters waarvan de kwaliteit van isolatie, de raam-wandverhouding,
de luchtdichtheid en de oriéntatie van het gebouw de belangrijkste zijn.

Hoe groter de warmtevraag van een schoolgebouw, hoe lager de kosten per ton
COg-emissiereductie in vergelijking met het basisscenario. Voor het gemiddelde
Vlaamse schoolgebouw zal het bereiken van de emissiedoelstelling van 2030 altijd een
bepaalde kostprijs hebben. Deze 25% emissiereductie is haalbaar met een lucht-water
warmtepomp met een capaciteit tussen de 10% en 20% van de piekwarmtevraag. Als
het schoolgebouw een goed geisoleerde gebouwschil heeft, of als het een gemiddeld
isolatieniveau heeft maar een hoge infiltratiegraad, of als door de oriéntatie van het
gebouw de hoeveelheid zonnewinsten beperkt is, is het aan te raden om het vermogen
van de warmtepomp aan de bovenkant van dit bereik te kiezen.

Optimale regeling, bijvoorbeeld door het implementeren van model predictive
control, verbetert de prestaties van een hybride verwarmingssysteem aanzienlijk, wat
leidt tot een hogere dekkingsgraad van de warmtepomp, minder COs-emissies en
lagere jaarlijkse energiekosten. Het kan ook de prestaties van het huidige gasgestookte
verwarmingssysteem aanzienlijk verbeteren en maakt het mogelijk om een iets kleinere
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SAMENVATTING

capaciteit warmtepomp te installeren om dezelfde COs-emissiereductie te bereiken.

De installatie van een lucht-water warmtepomp is dus een kosteneffectieve manier
voor scholen om de emissiedoelstellingen van 2030 te halen. Hierdoor kunnen scholen
energiebesparende maatregelen spreiden in de tijd, om op die manier het pad te
effenen voor koolstofneutraliteit op vlak van verwarming tegen 2050.
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Chapter 1

Introduction

Article 2 of the Paris Agreement states that the participating countries will aim to
“hold the increase in the global average temperature to well below 2°C above pre-
industrial levels and pursue efforts to limit the temperature increase to 1.5°C above
pre-industrial levels” [1]. According to a 2023 report issued by the Intergovernmental
Panel on Climate Change (IPCC), it is necessary to reach global net zero COq
emissions and a substantial reduction in the emissions of other greenhouse gases by
2050, to reach this goal of limiting global warming to 1.5°C [2].

In 2021, 73.4 million tonnes (Mt) of CO3 equivalent (CO3z-eq) greenhouse gases
were emitted in Flanders [3]. The buildings sector was accountable for 17% of these
emissions (12.6 Mt COz-eq). About a quarter of these emissions (3.4 Mt COz-eq)
originated from non-residential buildings. Since 2005, there has been a 20% green-
house gas (GHG) emission reduction in the Flemish buildings sector, but it is worth
noting that most of this reduction can be attributed to the residential buildings
sector. The target for 2030 is to achieve a 42% reduction in emissions compared to
the 2005 levels [1]. For the existing non-residential buildings, the goal is to reach
carbon neutrality for heating, domestic hot water, cooling and lighting by 2050 [5].
An overview of the historical GHG emissions and maximum allowed future GHG
emissions for 2025, 2030 and 2050 is given in Table 1.1.

2005 2021 2025 2030 2050

Non-residential buildings 3.5 34 32 2.6 n/a
Residential buildings 122 91 83 6.5 n/a
Total buildings sector 15.7 126 115 9.2 2.3

TABLE 1.1: Historical GHG emissions (2005 and 2021) and GHG emission targets
(2025, 2030 and 2050) for the Flemish buildings sector (in Mt COaz-eq) [4, 5].

These numbers show that most GHG emission reductions will need to take
place in the residential buildings sector, but that non-residential buildings cannot
be overlooked. The majority of GHG emissions of Flemish buildings comes from
heating [1], either directly through the use of fossil fuels in heating systems (e.g.
gas boilers) or indirectly through the generation of electricity and heat that is

1



1. INTRODUCTION

subsequently used in these buildings for heating purposes [6]. There are two main
approaches in which emission reductions can happen. On the one hand, the energy
demand must be minimised, for example by increasing the energy efficiency of the
building envelope. On the other hand, the heating and cooling installations must
be made more sustainable, for example via electrification. The Flemish Energy and
Climate Plan [1] suggests that achieving significant decreases in energy consumption,
as anticipated for residential buildings, is improbable within the non-residential
buildings sector due to the typologies and usage of these kinds of buildings. Thus,
the primary objective is to aim for carbon neutrality by increasing the share of
renewables in their final energy use for heating and cooling. In terms of this share,
the Belgian buildings sector is one of the worst performers in the European Union,
with a share of only 9.2%, well below the EU average of 22.9% [7]. Therefore, a
transition towards district heating (often combined with (centralised) heat pumps)
is necessary in areas with high heat demand density, while heat pumps are required
in areas with low heat demand density.

School buildings make up a significant proportion of the total number of non-
residential buildings. Estimations from 2018 by the Flemish Agency for School
infrastructure show that there are 17 995 distinct school buildings in Flanders with
an average gross floor area of 1063 m? [3]. In 2008, heating oil was used in 43% of the
heating installations of these school buildings. Ten years later, this number decreased
to 22% and the usage of gas for heating increased from 74% to 84%. In 2018, 9% of
school buildings had a heat pump installed and 5% of them used additional solar
collectors [8]. These data show a positive trend, but it also becomes clear that
there is still a lot of room for improvement in the Flemish school building stock. In
Flanders, half of the school buildings are at least 50 years old [%], which often means
a lack of proper insulation and consequently higher peak demands. Completely
replacing current (gas) boilers with heat pumps would therefore require very high
investment costs and could possibly endanger thermal comfort. A hybrid heating
system, which uses both a heat pump and the existing gas boiler to provide heat,
offers a solution. As the existing heating installation will continue to be utilised,
fewer capital investments will be required, which is beneficial since schools often have
only limited budgets available.

Another positive outcome of partially electrifying the heating system is that part
of the CO4 emissions is shifted to the power generation sector, which falls under the
European Emission Trading System (ETS). The combustion of fuels in buildings for
heating purposes will become a component of this ‘cap and trade’ mechanism only
starting in 2027, with the launch of ETS 2. This will result in an increase of the
price of natural gas for heating [9].

Hybrid heat pumps, sometimes also called bivalent heat pumps, are the com-
bination of an electric heat pump and a fossil-fuelled boiler or furnace [10]. This
combination allows the base heat load of a building to be covered by the energy-
efficient heat pump, while meeting peak demands using the non-renewable boiler. In
the final report on hybrid heat pumps made in 2019 by the Technology Collaboration
Programme on Heat Pumping Technologies (HPT TCP) by the International Energy
Agency (IEA) [11], two of the presented key findings are the following:

2



1.1. Problem statement

1. “Hybrid heat pumps may enable quick and successful application of
heat pump technology in existing buildings without the immediate
need for renovation.”

2. “Hybrid heat pumps may serve as a gateway towards low-carbon
heating.”

These two findings make hybrid heat pumps ideal for the case of the Flemish school
building stock that was described above.

1.1 Problem statement

It is thus clear that there is significant potential for increasing the share of renewable
energy in Flemish school buildings. While schools are committed to reducing
their carbon footprint, they face challenges due to budget constraints and aging
infrastructure. The implementation of a hybrid heating system can serve as an
effective initial step towards achieving the 2050 climate targets.

This thesis focuses on the heating demand of Flemish school buildings. The
majority of existing school buildings does not have a cooling installation, as during
the summer holidays, typically the warmest time of the year, school buildings are
not used. Also, according to ir. arch. Friedl Decock, schools should prioritise passive
cooling techniques such as efficient solar shading or night cooling [12].

The heating demand of buildings typically consists of two components: space
heating and domestic hot water (DHW). The focus of this thesis is on space heating,
as schools often only have limited use of DHW. The DHW demand that they do have
is sometimes provided in a decentralised manner, e.g. by using small electric boilers.

When a school considers introducing a heat pump into its heating system, the
primary concerns are determining the appropriate type and size of the heat pump.

In the literature review by Beccali et al. on electrical hybrid heat pumps assisted
by natural gas boilers [10], the authors highlight the need for additional investigation
into the design and sizing rules of system and components based on final use and
climate conditions. Furthermore, the review underscores the importance of further
researching environmental considerations, such as CO2 emissions, throughout the
operation and entire life cycle of hybrid heat pumps.

Although there are general numbers available in literature, there has not been
much research into finding a quantitative way to do this sizing, taking into account
the most important factors, mainly being the total (annualised) cost. Often, heat
load duration curves (HLDCs) are used for the sizing of hybrid heating systems [13].
However, another typical feature of this specific problem is the fact that the data
school buildings can offer may be limited. The installation of digital natural gas
meters is only a recent development, so most schools only have a monthly or annual
record of their natural gas consumption. It can thus be assumed that annual heating
load profiles are not available, so that it is not possible to calculate a HLDC for a
given building. It is therefore necessary to consider how different parameters affect
heat demand and how these parameters should be taken into account in the sizing of
the hybrid heating system.
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Another aspect that requires further research is optimal control. By applying an
optimal control strategy, the heat pump may be sized smaller due to a lower peak
demand. Also, optimal control might lead to higher average coefficient of performance
(COP) values. Sun et al. [14] concluded that with smart control of hybrid heat
pumps, higher average COPs can be reached in residential buildings. Berthou et al.
[15] investigated the optimal control of the heating system of an elementary school
building in France and showed that one of the strategies could save 5% of energy
during cold weeks while guaranteeing a comfortable indoor temperature. However,
the investigated heating system consisted of electrical heaters and air handling units,
which is not representative for the Flemish school building stock. It should thus be
investigated whether significant gains can be achieved by using an optimal control
strategy in a heating system either consisting of a gas boiler or consisting of a gas
boiler and a heat pump.

1.2 Research questions

The main research question of this thesis is the following.

How can heat pumps be integrated into the fossil fuel-based heating sys-
tem of typical Flemish school buildings to achieve a cost-effective COg-
reduction while maintaining thermal comfort?

To answer this question, several sub-questions (SQ) are addressed. These are
briefly presented in the current section.

SQ1 - Which parameters have an influence on the heat demand of typical
Flemish school buildings?

Identifying these parameters is important because they will need to be considered
when studying the heat demand of typical Flemish school buildings, and their impact
on the optimal hybrid heating system size. A comprehensive literature review is
conducted, where patterns and characteristics of the heat demand of school buildings
are also identified.

SQ2 - Can the nPro tool be used to determine the optimal size of a hybrid
heating system for an existing school building?

nPro [10] is a web-based planning tool for designing district energy systems and
thermal networks, offered by nPro Energy GmbH and developed by Dr. Marco
Wirtz of RWTH Aachen University. nPro is capable of optimising energy system
configurations and sizes.

Data of a real school building is used as input for the tool. Applying the tool on
this case will provide insights into the functionality, working principles and limitations
of the tool. If nPro requires input data that is not available, an assumption is made
or a default value from the tool is used. Furthermore, the (underlying) assumptions

4



1.2. Research questions

made by nPro are identified. These assumptions (made by the user and the tool)
are further investigated in SQ3. The proposed hybrid heating system is critically
reviewed and different technologies and configurations are compared and investigated.

SQ3 - What is the impact of changing the influential parameters that
were determined in SQI1 and the assumptions discovered in SQ2 on both
the heat demand of a typical school building and the optimal size of the
hybrid heating system that nPro calculates?

This investigation focuses on hybrid heating systems consisting of a gas boiler
and an air-source heat pump. The capacity of the air-source heat pump is optimised.
A model of a school building (representing the ‘average’ Flemish school building) is
developed using Modelica. This allows for the generation of annual heat demand
profiles.

As a first step, the particular assumptions or limitations of nPro, which were
revealed in SQ2, are examined. Annual heat demand profiles are generated by
performing simulations of the representative school building Modelica model, assuming
typical values for different building parameters. Next, these annual heat demand
profiles are imported in nPro. Then, the optimal hybrid heating system size is
compared for different values of the parameters involving the specific assumptions or
limitations of nPro.

Then, more dynamic simulations are performed using the Modelica model, but
for different values of the parameters identified in SQ1. The heat demands are
compared, and used as input in nPro, after which the system optimisations can also
be compared. This allows the sensitivity of these factors on both the heat demand
and optimal hybrid heating system size to be analysed.

The results are always compared to each other and to the relevant baseline
scenario. This will indicate to what extent the nPro tool can take into account the
factors identified in SQ1 and SQ2, and how much the heat demand (annual heat
demand profile and HLDC) and optimal hybrid heating system size are affected.

SQ4 - What is the impact of implementing an optimal control strategy on
the heat demand and the optimal size of the hybrid heating system?

Next, the focus shifts to exploring optimal control. For this, TACO (Toolchain
for Automated Control and Optimisation) [17] is used, which is a Modelica-based
automated toolchain for model predictive control (MPC) of building systems.

SQ5 - What recommendations can be given to schools that want to reduce
their carbon footprint by implementing a hybrid heating system?

This sub-question concludes the thesis. An answer to this question is formulated
based on the results of previous sub-questions.
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1.3 Thesis outline

Chapter 2 presents the results of the comprehensive literature study that was
conducted. Key concepts are explained and the methodology is further specified.
Additionally, the parameters that influence the heat demand of typical Flemish school
buildings, which is the subject of SQ1, are identified. Chapter 3 covers the answer to
SQ2. The nPro tool is applied to a real-life school building that wants to implement
a hybrid heating system. In Chapter 4, the representative school building model
that is used in the remainder of this thesis is presented in detail. Chapters 5 and 6
concern SQ3 and present the results of the analysis regarding aspects such as system
configuration and the desired emission reduction, as well as building parameters like
window-to-wall ratio (WWR) and building orientation. This will provide insights into
the extent to which the nPro tool can take into account the factors identified in the
first two sub-questions, and the extent to which heat demand (annual heat demand
profile and HLDC) and optimal system sizing are affected. The impact of optimal
control is investigated in Chapter 7, which is the subject of SQ4. The initial step is
to test an optimal control strategy for the current heating system. Subsequently, an
optimal control strategy is tested for a hybrid heating system. Finally, the results of
previous chapters are combined and recommendations for schools considering the
implementation of a hybrid heating system are listed in Chapter 8, thus addressing
SQ5. Chapter 9 contains the overall conclusion of this thesis and suggestions for
future research.

Figure 1.1 provides a graphical overview of how the chapters of this thesis are
related, indicating which sub-question is addressed in each chapter.
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F1GURE 1.1: Graphical overview of the structure of this thesis.



Chapter 2

Literature research

This chapter presents the results of a comprehensive literature study that was
conducted. Sections 2.1 and 2.2 introduce the key concepts of this thesis: hybrid
heat pumps and (school) building heating demand, respectively. In Section 2.3, the
used software tools are presented.

2.1 Hybrid heat pumps

Hybrid heating systems use two or more heating technologies to provide space heating
and domestic hot water in buildings. A hybrid heat pump is the most common
example of a hybrid heating system. The 2019 final report on hybrid heat pumps by
the IEA HPT TCP defines a hybrid heat pump as “the combination of an electric
heat pump and a fossil-fueled boiler or furnace under a single (optimised) control
strategy” [ 1]. This is the definition that will be used throughout this thesis.

2.1.1 Classification

Although the definition of a hybrid heat pump is now established, there are still
many possible variations to the concept. The following paragraphs discuss these
aspects and their relevance in the specific context of this thesis.

Integrated or non-integrated

With integrated hybrid heat pumps, the boiler, heat pump and system controller
are sold as a single unit [11]. This configuration is less relevant to this thesis as the
main focus is on non-integrated systems where heat pump and system controller are
installed alongside an existing boiler, so retrofit cases. Gas boiler and heat pump
remain discrete units. According to [18], integrated and non-integrated hybrid heat
pumps can have similar performances.
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Fossil-fueled boiler type

According to [11], it does not matter much which fossil heating system is used to
support a heat pump in a hybrid system. However, the majority of Flemish schools
use gas as their energy source for space heating (84% in 2018 [3]). Most of the other
schools use either heating oil or electricity for heating. In 2018, the use of heating
oil had already largely decreased. The focus of this thesis is therefore on gas boilers.

Electric heat pump type

In this thesis, the term ‘heat pump’ will exclusively refer to electric heat pumps.
The general working principle of an electric heat pump is shown in Figure 2.1. The
coefficient of performance (COP) of a heat pump is defined as the ratio between
the delivered thermal power and the consumed electrical power. Heat pumps are
classified according to their heat source and working fluids. The three most common
types of heat pumps are air source heat pumps (ASHPs), water source heat pumps
(WSHPs), and ground source heat pumps (GSHPs).

1 compression 2

4 expansion 3
(A) Schematic overview.
14 T
2
3 2 3
1
. 4
4 1
h s

(B) p— h and T — s diagram [19].

FIGURE 2.1: General working principle of a heat pump.

ASHPs are the most prevalent type due to the straightforward installation and
relatively low capital expenditures (CAPEX) or installation cost. They are also easy
to install in existing buildings [20]. They exist in both air-to-air and air-to-water
forms. This text will not cover air-to-air heat pumps as Flemish schools almost
exclusively use water-based central heating. An unfavourable characteristic of ASHPs
is that their capacity and COP are reduced in the coldest period of the year (due to
the low temperature of the heat source, being the environment), when the building
heat demand is high [21].

WSHPs use water as low-temperature heat source, usually surface water (e.g. a
river) or ground water (e.g. an aquifer), which must be available near the building.
Advantages of WSHPs are the fact that water has a more stable temperature than
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outside air, which results in higher average COP values, and the possibility of passive
cooling. However, WSHPs have high installation costs.

GSHPs for large buildings use a borefield consisting of multiple vertical boreholes
as a low-temperature heat source. This results in a more stable source temperature
and allows for passive cooling. However, GSHPs have a very high installation cost,
and the feasibility of a borefield must be assessed beforehand.

Table 2.1 provides an overview of the most significant benefits and drawbacks of
these three technologies in the context of this thesis. The most crucial factors are
CAPEX and location requirements, which make the ASHP the best option. The
main focus will thus be on this heat pump type, although a brief investigation of the
GSHP is also conducted in Chapter 3.

Location Impact of Typical
CAPEX requirements ambient conditions COP [22]
ASHP + + — 3
WSHP - - + 4.5
GSHP - - + 3.5-4

TABLE 2.1: Comparison of different heat pump types (benefit: +, drawback: —).

System configuration

In literature, both parallel and series hybrid heating systems are discussed. These
two configurations are shown in Figure 2.2. In the parallel configuration, heat pump
and gas boiler operate in parallel. They thus have the same supply temperature,
unless a mixing valve is used. In the series configuration, the heat pump heats the
water, and the gas boiler can provide additional heating if needed. In both cases,
thermal energy storage (TES) is possible in the form of a hot water tank.
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FIGURE 2.2: Parallel (left) and series (right) system configuration.
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According to Klein et al. [23], the advantage of the series configuration is that
the heat pump can benefit from lower supply temperatures. The fact that gas boiler
and heat pump can operate at different temperature levels is also mentioned by
Roccatello et al. [24]. According to Bagarella et al. [21], the parallel configuration
is the most common in existing hybrid heating applications in residential buildings.
The authors compared this configuration with what they called the ‘bivalent alter-
native plant’, where the heat pump and gas boiler are also in parallel but never
operate simultaneously. They concluded that this ‘bivalent alternative plant’ is less
advantageous, especially when the heat pump has a relatively low capacity. Lee et
al. [25] concluded that for hybrid GSHPs, the parallel configuration is preferable
as it offers a better heating performance and higher exergy efficiency. A similar
conclusion was drawn by Park et al. [26]. A comparison between parallel and series
hybrid heating systems (with an ASHP) for large buildings has not yet been made.
Furthermore, it is not possible to draw any general conclusions about the preference
for one of the two configurations based on the current literature. Therefore, both
configurations will be investigated in this thesis, but focus will be on the parallel
configuration for reasons discussed in Section 2.3.1.

Control strategy

The possible control strategies of a hybrid heating system can be classified in rule-
based control methods (RBC) and model predictive control methods (MPC) [10].
RBC uses predefined rules to regulate the operation of the heating system based on
various factors such as temperature, time of day and weather conditions.

An example of an RBC strategy is the ‘alternative-parallel bivalent’ operating
scheme as described by Klein et al. [23]. In this operating scheme, two temperature
thresholds are defined: the cut-off point Teui.of and the bivalence point Ty;,. When
the ambient temperature is below T.utof, only the gas boiler is used. When the
ambient temperature is between Ty and Tiiy, both heating technologies are used.
Above Ty, only the heat pump is used.

MPC on the other hand is an optimal control method. Over a certain prediction
horizon, the heating system’s control inputs are optimised using a model of the
system and predictions of the system’s disturbances to minimise a cost function.
The optimised control actions of the first control interval are applied after which the
prediction horizon is shifted, and the process is repeated using the latest measurements
[27]. According to [10], RBC methods are most prevalent because they can be very
simple and cost-effective. Currently, MPC is not commonly used yet [10], but
this kind of control has the potential to significantly decrease energy costs while
maintaining or even increasing thermal comfort [25].

An RBC strategy will be assumed for the dynamic simulations performed with
the representative school building model, which is described in Section 4.5.5. In
nPro, the design calculation is based on an ideal system operation, which assumes,
a perfect foresight of future demands for example. Chapter 7 will further examine
the impact of optimal control, i.e. a control strategy that has a perfect foresight of
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future demands and minimises a certain objective by calculating the optimal values
for every control variable at every time instance.

2.1.2 Sizing of the heat pump

According to the report of the IEA HPT TCP [l1], the size of the heat pump
component in a hybrid heating system has an important impact on the coverage ratio,
which is the ratio of the heat provided by the heat pump to the total heat demand
[29]. For relatively small heat pumps (and thus small coverage ratios), coverage
ratio rapidly increases as heat pump capacity increases. However, when coverage
ratio is already high, an extra increase in heat pump capacity will only lead to a
small increase in coverage ratio. In [11], it is also mentioned that for the ‘average’
European climate zone, a heat pump capacity between 30% and 50% of the peak heat
demand gives an optimal compromise between the investment cost of the heat pump
and the heat pump coverage ratio. According to Klein et al. [23], medium-sized heat
pumps achieve the highest seasonal performance factor (SPF) values. The SPF is the
efficiency of the system evaluated over one year. A similar conclusion is presented
by Dongellini et al. [30]. According to that paper, the SPF benefits from a smaller
heat pump capacity for two reasons: the smaller number of defrost cycles and the
reduced period of low COP heat pump operation.

A logical approach to heat pump sizing is sizing based on minimum total cost.
This allows for the consideration of COgy costs. However, this could result in no heat
pump being proposed at all because, for example, the decrease in operational costs
might not outweigh the required high capital investments. It is therefore important
to consider that schools wish to achieve a certain emission reduction and that there
are emission targets that must be met. An approach to visualising this is plotting
cost against COq emission reduction, as demonstrated in the Master’s thesis of Arno
Meessens [31] and shown in Figure 2.3.

CostA

base

>
Total CO, abatement

FIGURE 2.3: Example of a simplified cost - CO2 abatement graph [31].

Heat load duration curves (HLDCs) can also be used to visualise the impact of
choosing a certain capacity of heat pump on the heat demand that can be covered
with that heat pump. This was for example done in case studies like [32] and [33]. In
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the PhD of Damien Picard, optimal HVAC design is done using HLDCs of buildings
[31]. However, in his work, the generation of these load duration curves based on a
small amount of parameters is not implemented yet. HLDCs are explained in more
detail in Section 2.2.1.

2.2 Heat demand of buildings

2.2.1 General aspects
Heat losses and heat gains

A building has a heating demand due to the requirement for each zone to be
maintained at a certain temperature, because occupants desire thermal comfort.

However, heat losses occur in buildings, which can be categorised into three
types: transmission, infiltration and ventilation losses. Transmission losses are heat
losses due to the transmission of heat through all elements of the building envelope,
being floors, external walls and roofs. These losses can be described by the equation
Qransmission = U + A+ AT, where U is the heat transfer coefficient or U-value (in
mXV—K), A is the loss area (in m?) and AT is the temperature difference (in K).
The U-value of a building element is the heat loss (in W) through 1 m? of that
building element, when there is a temperature difference of 1 K across it. The total
transmission losses thus depend on the area of the building envelope (loss area), the
quality of insulation, the ambient air temperature and the setpoint temperature
inside the building.

Infiltration losses are losses due to the leakage of indoor (warm) air into the
environment and outside (cold) air into the building. This air infiltration occurs
continuously due to cracks and crevices (adventitious openings) in the building
envelope and can lead to significant heat losses [35]. The amount of infiltration
losses thus also depends mainly on characteristics of the building envelope. The air
infiltration rate of a particular zone is typically expressed by a nb0 value, which is
the air exchange rate (per hour) occurring at a pressure difference of 50 Pa [30].

Ventilation losses take place when a ventilation system is present. It is inevitable
that ventilation will result in a certain amount of heat losses, as with ventilation
(colder) outside air is forced into the building. However, installing a heat recovery
system can greatly reduce ventilation losses. In this thesis, ventilation losses will
not be considered, as the assumption is made that no ventilation is present. This is
further elaborated upon in Section 4.2.6.

One other aspect contributing to the heat demand of buildings is intermittent
heating. If the temperature during non-occupied periods has a certain setback
value, additional heating will be needed in the morning to get back to the setpoint
temperature of the occupied periods.

Next to heat losses, buildings are also subject to heat gains. Two types can
be distinguished: solar and internal gains. Solar gains result from absorbed solar
radiation and are often a significant part of the total heat gains of a zone [35]. The
amount of solar gains depends on glazing type, window-to-wall ratio (WWR) and
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the presence of solar shading. Internal gains occur because of occupants, electrical
equipment and lighting.

In summary, based on the reasoning described above, the following parameters
have most impact on the heat demand of buildings and should therefore be considered
when studying it:

e the indoor temperature setpoint,

o the overall building geometry (floor and loss area, conditioned volume, zone
heights),

e the building’s orientation,

o the (U-values of the) building envelope (glazing type, quality of wall and roof
insulation),

e the building’s airtightness,

e the window-to-wall ratio,

e the amount of solar shading,

o the amount of internal gains due to people (occupational schedule, occupant
density and occupant activity level),

e the amount of internal gains due to equipment and lighting,

o the weather conditions (mainly temperature and solar irradiation),

o the presence and quality of ventilation.

This list is not in any particular order. These parameters affect the heat demand
of buildings in general, including Flemish school buildings. In Section 2.2.2; this list
is condensed to the parameters that are most relevant in the context of this thesis.

Heat load duration curve

HLDCs express the relationship between time and heat demand. They show the
duration during which heat demand is greater than or equal to a certain level (i.e. in
W) [13]. The area under the HLDC is equal to the total heat demand (i.e. in Wh).

An annual HLDC is created by ordering the heat demand data of an annual heat
demand profile in descending order. Figure 2.4 provides an example of a HLDC.
From this curve, it can be easily observed that the peak heat demand is equal to
185 kW, that the heat demand is at least 32 kW during 1000 hours of the year, and
that there is a heat demand for approximately 3000 hours of the year.
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FIGURE 2.4: Example of a HLDC.
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2.2.2 School buildings
Parameters affecting heat demand

According to Wauman et al. [37], who investigated boundary conditions for Flemish
schools for use in energy assessment methods, some of the most influential parameters
affecting the energy demand of Flemish schools are occupational schedule, setpoint
temperature and the use of equipment and lighting. In their study, the sensitivity of
building-specific parameters was not analysed. Building activity is also mentioned by
Hawkins et al. [38] as a strong determinant for energy use. Alghamdi et al. [39] also
concluded that heating setpoint temperature strongly influences energy consumption
and occupancy density moderately influences energy consumption. However, Wauman
et al. provide deterministic and representative values for occupational schedule,
setpoint temperature as well as equipment and lighting use. These values will be
used in this thesis. It can be assumed that there is little variation in occupational
schedule and setpoint temperature between different Flemish school buildings. The
same is true for internal heat gains because of people, equipment and lighting, partly
due to the fact that these are linked to the occupational schedule.

Hawkins et al. [38], Alghamdi et al. [39] and Mohamed et al. [10] did look into the
effect of building-specific parameters on the heating demand of educational buildings.
Hawkins et al. mention environment, primary material, glazing type and ratio, height
and aspect ratio as strong determinants for energy use. Alghamdi et al. concluded
that external wall construction, infiltration and WWR moderately influence energy
consumption. According to Albatayneh et al. [11], building orientation can be a
low-cost option to improve thermal comfort and decrease the heating and cooling
demand of buildings, and it can be easy to control during the conceptual design
phase.

Within the scope of this thesis, solar shading is not considered. This is a
reasonable assumption, given that schools often lack external solar shading, either
due to a focus in the design phase on maintaining a comfortable temperature in
winter, or due to a lack of budget [12]. A specific building geometry will also be
assumed, based on the representative school building model of Wauman et al. [37].
Expressing the heating demand in % rather than W and in anlVQh rather than kWh
allows for a more consistent comparison across different buildings. As this thesis
focuses on Flemish school buildings in particular, there is little or no variation in
climate and average weather conditions. These boundary conditions are therefore
also assumed to be constant.

Thus, the parameters of which the sensitivity on the heat demand and on the
optimal heat pump sizing will be investigated in Chapter 6 are:

e the U-values of the building envelope,
e the window-to-wall ratio,

e the building’s airtightness,

e the building’s orientation.
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Heat demand profile and heat load duration curve

Limited information can be found regarding typical heat demand profiles and HLDCs
of school buildings. However, some conclusions can be drawn from the few sources
that are available. Ivanko et al. [13] analysed daily heat demand profiles of Norwegian
educational buildings before and during the COVID-lockdown of 2020. They observed
that the heat demand profile before and during lockdown had a very similar shape:
a peak in heat demand around 09:00, a declining heat demand between 10:00 and
17:00 and a significant heat demand reduction between 20:00 and 06:00. Lindberg et
al. [11] predicted heat load profiles of school and office buildings for a cold winter
week and also obtained similar daily heat demand profiles. Moreover, Guan et al.
[15] acquired an averaged daily heat demand with a similar shape, although the
peak heat demand of their profiles was less outspoken. They however studied an
entire university campus building complex, which could lead to a more spread-out
daily heat demand profile because of the different buildings with different purposes.
The characteristic features of the daily heat demand profile of school buildings thus
are: a morning peak situated around the school’s opening hour, a declining demand
from noon until the school’s closing hour and a low and steady heat demand during
nighttime, weekends and holidays. Only one HLDC of a school building was found
in literature, which is shown in Figure 2.5. The HLDC was constructed by Zimny et
al. [32] for a school building in Poland with a hybrid heating system. The HLDC
shows a peak heat demand of 100 kW and a heating season (duration of non-zero
heat demand) of approximately 5000 hours. The heat pump in the hybrid heating
system has a capacity of around 32 kW, with a relatively high share in the total
provision of heat (coverage ratio).
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FIGURE 2.5: HLDC of a Polish school with a hybrid heating system [32].

2.3 Used software tools

2.3.1 nPro

This section is mainly based on the documentation found on the nPro website [10]
and a paper about the tool written by Wirtz [16].

nPro is a web-based planning tool for designing district energy systems and
thermal networks, offered by nPro Energy GmbH and developed by Dr. Marco
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Wirtz of RWTH Aachen University. nPro can be used to quickly and easily design
energy systems for buildings and districts and evaluate them from a techno-economic
perspective. For the purposes of this thesis, the focus will be on the project type
‘building’ within the tool.

nPro covers the three main steps in the planning of (district) energy systems:
load profile generation, thermal network calculation, and energy system design
optimisation. As the second one is not relevant in the context of this thesis, only
the first and the last step will be explained in detail in the following paragraphs. A
graphical overview of the software’s overall working principle is shown in Figure 2.6.
Clarifying screenshots are included in Section A.1.1 of Appendix A and referred to
throughout the text.
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FIGURE 2.6: The working principle of nPro [10].

Load profile generation

The first calculation step of the nPro software is the generation of energy demand
profiles. These profiles have an hourly resolution. Five types of energy demand are
distinguished: space heating, domestic hot water (DHW), space cooling, process
cooling and electricity (plug loads and e-mobility). Different types of energy demand
require different profiles. As previously stated, this thesis focuses on the space
heating demand.

The load profile generation for space heating is based upon normalised day
profiles and the degree-day method. On the coldest day, 50% of the heat demand is
distributed according to the normalised day profiles and the other 50% is distributed
based on the degree-day method. On the other days, this profile is scaled down based
on the degree-day method. Normalised day profiles are available in nPro for each
day of the week (weekday, Saturday or Sunday) and depend on the chosen building
type (e.g. school, office, residential building). The user can also define their own
normalised day profiles (Figure A.1). The degree-day method is commonly used
to determine the energy consumption required for space heating of buildings (e.g.
[17] and [48]). Tt assumes a linear relationship between the heating demand and
the difference between outdoor temperature and indoor setpoint temperature. The
amount of heating degree-days (HDD [K day]) is calculated by nPro as shown in
Equation 2.1.
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365
HDD = Z(Tm,h - Tout,i) if TOUM’ <Tyrr (2.1)

i=1

Tout; the mean outdoor temperature of day 4
with Tin,n,  the indoor temperature for all days ¢ where Tpys; < THrT
Tyrr the heating limit temperature (HLT)

In this equation, there is an indoor setpoint temperature (7j, ) and a base
temperature (Tyr7). These are the key parameters of the degree-day method. The
HLT of a building is the minimum T,,; at which the building does not require
heating energy to maintain a certain Tj,. nPro uses a database with heating
limit temperatures for each building type. This heating limit temperature can
also be provided by the user. nPro chooses the indoor setpoint temperature to
ensure that the user’s specified boundary conditions are met. A fast-converging
bisection optimisation algorithm is used to automatically select an appropriate base
temperature and indoor setpoint temperature when both annual energy demand and
peak demand are provided by the user. Annual energy demand can be expressed
in mlz‘wgar or in 1\}/][(\37;/317 peak demand can be expressed as a specific peak demand, a
total peak demand, an amount of full load hours or a heating limit temperature.
Furthermore, a heating season can be defined. An example of a space heating demand
profile generated by nPro is shown in Figure A.2.

Energy system design optimisation

The next step in the calculation is the optimal sizing of all technologies. A large
amount of different technologies can be selected including for example ground source
heat pumps, solar thermal collectors and electric heaters. A screenshot of nPro
showing all possible technologies (both energy conversion and energy storage) is
provided in Figure A.3. All technologies have settings that can be adjusted such as
capital and operation costs, lifetimes, efficiencies and operation temperature ranges.
The optimisation is done using an hourly resolution, which leads to both a sufficient
accuracy and an acceptable computation time [10].

nPro includes four different optimisation objectives. The first three are minimising
total annualised costs, minimising CO2 emissions and maximising self-sufficiency.
The last option is doing a multi-objective optimisation where both total annualised
costs and COq emissions are considered. A Pareto frontier consisting of four points
(or another specified amount) is calculated where the optimal system designs can be
compared for different CO2 costs. An example is shown in Figure A.4.

The costs that are included when calculating the total annualised cost are:
annualised investment costs, operational costs, electricity import costs, natural gas
import costs and COq costs. The constraints being considered during the optimisation
include energy balances, efficiency equations, capacity constraints, storage constraints
and user-defined operating restrictions.
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2.3.2 Dymola, Modelica and IDEAS

The modelling and simulation of the school building is done using the commercial
tool Dymola [19], which is an integrated environment for developing and simulating
models in the object-oriented, multi-domain modelling language Modelica. The school
building model, described in Chapter 4, is created using IDEAST (Integrated District
Energy Assessment Simulations), which is a library that was originally developed
by KU Leuven and 3F and is currently developed and maintained by the Thermal
Systems Simulation research group of KU Leuven. The free open-source Modelica
Buildings library® [50, 51] is also used as it contains models for water- and air-based
HVAC systems.

2.3.3 TACO

TACO (Toolchain for Automated Control and Optimisation) is a Modelica-based
automated toolchain for model predictive control (MPC) of building systems [17].
TACO is capable of translating an optimal control problem (the combination of a
Modelica building model, an objective function and constraints) into an optimisation
problem, which it then solves.

2.4 Conclusion

This chapter provided a comprehensive overview of hybrid heat pumps and the
relevance of (school) building heat demand in this context. It highlighted the
predominance of gas boilers in Flemish schools and the suitability of ASHPs due
to their lower installation cost. Furthermore, the chapter discussed the various
configurations of hybrid heating systems. Additionally, it addressed the importance
of control strategies and the sizing of the heat pump in a hybrid heating system to
optimise the coverage ratio and system efficiency. Also, the parameters that affect
the heat demand of buildings most were summed up, which was the subject of SQ1
(see Section 1.2). The list was condensed to the parameters that are most relevant
and will thus be investigated in this thesis: the U-values of the building envelope,
the window-to-wall ratio, the building’s airtightness and the building’s orientation.
The chapter concluded with an overview of the software tools used in this thesis.
Also, the stage was set for further investigation into the sizing and control of hybrid
heating systems in school buildings.

TFor more information, see: https: //github.com/open-ideas/IDEAS.
#More information can be found here: https://simulationresearch.lbl.gov/modelica/.
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Chapter 3

Testing the nPro tool

In this chapter, the nPro tool is applied to a real-life case: building D of the Campus
Proximus site of University Colleges Leuven-Limburg (UCLL), situated in Heverlee.
This provides insights into the functionality and working principles of the tool. First,
the relevant data available of this building are presented in Section 3.1. The following
two sections are structured according to the calculation steps of nPro, as outlined in
Section 2.3.1. Section 3.2 demonstrates the generation of the annual heat demand
profile, while Section 3.3 demonstrates the energy system design optimisation and the
simulation of system operation. When necessary, clarifying screenshots of the nPro
tool, which can be found in Section A.1.2 of Appendix A, are referred to throughout
the text. Finally, the discovered assumptions and limitations of nPro are presented
in Section 3.4.

3.1 Building data

The data presented in Table 3.1 were provided by Tom Neven, who is responsible
for the technical installations of the UCLL campuses. The absence of a digital
natural gas meter in the building is expected, given that the installation of these
digital meters is only a recent development. The natural gas consumption is recorded
approximately every two weeks, which limits the resolution of the heat demand profile
or HLDC to a maximum of two weeks. Furthermore, no information is available
regarding the peak heat demand, but for the fact that it cannot be higher than the
installed gas boiler capacity.

Total heated area + 18500 m?
Natural gas consumption in 2022 89238 m?

Installed gas boiler capacity 1700 kW

DHW Covered decentrally
Supply temperature Heating curve

TABLE 3.1: Relevant data of building D of UCLL Campus Proximus.
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3.2 Load profile generation

The total annual heat demand is estimated using the natural gas consumption of
2022. The building utilises high-calorific gas [52]. The calculation is conducted with
the lower heating value of natural gas, as the building does not use a condensing
boiler. The lower heating value is approximately 10% less than the higher heating
value [53]. In 2022, the higher heating value of high-calorific gas in Leuven was
knvg,h [51]. Therefore, the lower heating value is assumed to

approximately 11.5
have been 10.3 knvxj,h. Furthermore, it is assumed that the boiler has a constant
efficiency of 90%. The total heat demand in 2022 can thus be estimated as follows:
89238 I % 10.3 SR x 90% = 827.2 MWh,

The nPro tool can now be employed to generate the annual heat demand profile.
The only value used as input for the tool is the total annual demand of 827.2 MWh.

The results of the demand profile generation are shown in Figure 3.1.
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FiGURE 3.1: Heat demand profile and HLDC for building D of UCLL Campus
Proximus generated by nPro.

It is clear that nPro attributes a considerable proportion of the heat demand
to the ‘base’ heat demand. During approximately 2000 hours of the year, the heat
demand exceeds 200 kW. The peak heat demand is 729.3 kW, which is relatively low
in comparison to the actual installed heating capacity of 1700 kW. Given that nPro
might overestimate the ‘base’ heat demand, the load generation is repeated using
new normalised day profiles with a lower heat demand during unoccupied periods.
These profiles are based on the findings of Section 2.2.2. The original (default) and
new normalised day profiles of the heat demand are shown in Figures A.5 and A.6
respectively. The new heat demand profile and HLDC are presented in Figure 3.2.
The peak heat demand now equals 1119.9 kW, which is a more realistic value, but
still relatively low, given that the installed heating capacity is 1700 kW. However, it
should be recalled that nPro uses an hourly resolution in its calculations, meaning a
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peak heat demand of 1119.9 kW corresponds to a maximum heat demand within
one hour of 1119.9 kWh.

=
o
o
o

750+
500 4
250 A

Heat demand [kW]

. [ T Ju
0 50 100 150 200 250 300 350
Time [days]

o

1000 111986 kW

750+
500
250 1

Heat demand [kW]

o

1000 2000 3000 4000 5000 6000 7000 8000
Duration [hours]

o

FIGURE 3.2: Heat demand profile and HLDC for building D of UCLL Campus
Proximus generated by nPro, with adapted normalised day profiles.

3.3 Energy system design optimisation and simulation

The generated heat demand profile is now utilised as an input for different energy
system design optimisations in nPro. The required input parameters are elabo-
rated upon in Section 3.3.1. Subsequently, the baseline scenario is explained in
Section 3.3.2. Sections 3.3.3 and 3.3.4 present the optimisation of three different
system configurations.

3.3.1 Input parameters

In order to perform an energy system design optimisation in nPro, a number of input
parameters must be defined. The values for these parameters, as outlined in this
section, also apply to the analysis conducted in Chapters 5 and 6, unless otherwise
stated.

The assumed costs and lifetimes of different technologies are presented in Table 3.2,
which is based on the overview found in the Master’s thesis of Arno Meessens [31].
These values include all relevant investment costs, and thus no other lump sum costs
are defined in the project settings of nPro.

An observation period of 15 years is chosen, as this is the shortest lifetime of
any of the different components. This could be, for example, the period 2025-2040,
during which the 2030 emission targets will thus have to be met. A new design
decision will then have to be made in 2040, bearing the 2050 emission targets in
mind. The focus is on the design decision to be made now. An imputed interest
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Specific Fixed Annual
investment investment maintenance Lifetime
costs costs costs
Gas boiler 150 €/kW €2000 0.5% of inv. cost 15 years
ASHP 533 €/kW €8400 3.0% of inv. cost 15 years
GSHP & borefield 1444 €/kW  €33667  3.0% of inv. cost 35 years
Storage tank 1000 €/m? €800 0.5% of inv. cost 30 years
Solar thermal collector 600 €/m? €2500 0.5% of inv. cost 30 years
Solar panels 1370 €/kW,  €4500 2.0% of inv. cost 20 years

TABLE 3.2: Costs of different technologies [31].

rate of 5% is assumed. Observation period and imputed interest rate are used to
annualise investments and to calculate net present value (NPV).

In nPro it is not possible to upload time series of energy prices for the entire
observed period. Instead, annual time series can be uploaded and a yearly price
increase or decrease can be assumed. In this thesis, energy prices are assumed to
remain constant throughout the observed period.

The electricity tariff is assumed to be 0.20 kwih This value is estimated by
assuming an average energy price of 0.08 1<V€Vih for the observed period [55] and
assuming that the energy cost is approximately 38% of the total electricity tariff
[56]. The feed-in tariff is assumed to be 0.03 kwih, but this is only relevant when
considering solar panels. The COy emissions of imported electricity are assumed to
be 150 8522 This parameter depends on the electricity mix of the grid, and it is

KWh
thus chosen based on forecasts for the observed period [57, 55].

Similarly, the natural gas tariff is assumed to be 0.07 kv€Th It is assumed that the
average energy price is 0.04 kV€Vih for the observed period [59] and that the energy cost
represents approximately 58% of the total natural gas tariff [56]. The COy emissions

of natural gas import are set to 250 %{%(])}12, a reasonable estimation according to nPro.

As nPro calculates the COP of a heat pump at each timestep, it is also necessary
to specify the supply temperature for the heat demand. It is not possible to model
a mixing valve in nPro. Therefore, if the system is configured as a heat pump
and a gas boiler in parallel, the supply temperature must be the same for both.
Conducting the analysis with high supply temperatures will disadvantage the heat
pump, as it operates more efficiently at lower supply temperatures. Natural gas
boilers however can easily achieve supply temperatures above 90°C. In order to
conduct a fair analysis, the supply temperature in nPro is limited to 65°C. Thus, for
the UCLL case, a heating curve is assumed where the supply temperature is 65°C
for an outdoor temperature of -8°C, 50°C for an outdoor temperature of 10°C, and
20°C for an outdoor temperature of 20°C. A similar curve is shown in Figure 4.3.

The inputs of nPro regarding the different technologies (e.g. efficiencies) are
mainly based on the default values available in the tool. An overview of these settings
is provided in Section A.2 of Appendix A.
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3.3. Energy system design optimisation and simulation

3.3.2 Baseline scenario

nPro does not permit the assignment of a specific remaining lifetime for the currently
installed natural gas boiler. It is therefore assumed that the boiler can be used
throughout the entire observed period of 15 years. The simulation of the system
operation yields the following results over the observed period: 919 MWh of natural
gas consumption, 230 tonnes of COy emitted and an annual cost of 81269 €

year’
€ _ and a maintenance cost of 1285 —£-.
year year

consisting of an energy cost of 79 984

3.3.3 Enabling all relevant technologies

As explained in Section 2.3.1, a variety of technologies can be selected when conducting
an energy system design optimisation in nPro. In the context of this thesis, the
relevant technologies are solar panels, solar thermal collectors, GSHP, ASHP and
heat storage. Consequently, these technologies are enabled in the energy system that
will be optimised (Figure A.7).

The results of the system optimisation are presented in Table 3.3. The conducted
system optimisation is a multi-objective optimisation, which means that nPro calcu-
lates the system configuration with the minimum total annualised cost, assuming
four different CO4 prices. Hence, for the optimisation with the highest CO» price,
the share of renewable technologies is highest as this leads to fewer CO5 emissions.
It should be noted that the total annual cost shown in the tables does not include
the CO2 cost, in order to allow for a fair comparison between the system designs.
The components of the total annual cost are the initial investment cost (annuity),
the annual energy cost, the annual maintenance cost, and, if relevant, the annuity
of the negative investment cost at the end of the observed period because of the
residual value of assets that have not reached their technical lifetime yet. The nPro
tool assumes linear depreciation for the latter.

The results show that, for this specific case and with the assumptions explained
above and in Section A.2, the installation of a GSHP with heat storage can signifi-
cantly reduce the annual COg emissions, while also slightly reducing total annual
costs compared to the baseline scenario. The installation of a GSHP with heat
storage reduces the operational costs of the system to such an extent that even the
initial investment will be ‘paid back’ before the end of the observed period. The
middle two columns of the table reveal the existence of a system design comprising a
GSHP between 96 kW and 109 kW and heat storage with a volume between 9.3 m?
and 14.8 m?, which has a total annual cost identical to that of the baseline scenario.
This system design achieves a CO5 reduction between 52.6% and 57.4%.

The selection of a GSHP over an ASHP can be attributed to the superior
performance of the GSHP in terms of COP, as the ground temperature is more
stable than the air temperature (and in the optimisation even assumed constant).
The higher initial investment cost of the GSHP is offset by the significant gains
in efficiency, making it a more cost-effective choice. Also, the long lifetime of the
borefield results in a high residual value (and thus negative investment cost) at the
end of the observed period.
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. € € € €
COQ price 0 m 50 m 100 m 200 m
ASHP 0 kW 0 kW 0 kW 0 kW
GSHP 69 kW 96 kW 109 kW 149 kW
Heat storage 5.5 m? 9.3 m? 14.8 m? 31.4 m3
Solar thermal collector 0 m? 0 m? 0 m? 0 m?
Solar panels 0 m? 0 m? 0 m? 0 m?
Initial investment €139615 €182435 €206 633 €281015
€ € € €
Total annual cost 80400 Tear 80934 Tear 81 566 Tear 84 863 Jear
Rel. to baseline scenario —-1.1% —0.4% 4+0.4% +4.4%
CO, emissions 135 £%2 109 L8298 L0 T4 K22
Rel. to baseline scenario —41.3% —52.6% —57.4% —67.8%
. € € € €
Cost of CO9 reduction -9.1 Co, —2.8 o, +2.3 o, +23.0 Co,

TABLE 3.3: Results system optimisation with all relevant technologies enabled.

Finally, it is worth noting that, for this specific case, the system optimisation
never leads to the installation of solar panels or solar thermal collectors, given the
assumptions explained above and in Section A.2.

3.3.4 Comparing the installation of a GSHP with the installation
of an ASHP

As previously explained in Section 2.1.1, the choice of an ASHP over a GSHP
in a (retrofit) hybrid heating system may be more advantageous for the case of
Flemish school buildings, as the ASHP has no locational requirements and a lower
initial investment cost. A comparison is therefore conducted between the nPro
system optimisation with both of these technologies, for the case of building D of
UCLL Campus Proximus. Tables 3.4 and 3.5 show the results for the nPro system
optimisation with only the GSHP technology enabled and the system optimisation
with only the ASHP technology enabled respectively.

Again, it is clear that the installation of a GSHP can be very beneficial in this
particular case, as CO9 emission reduction has a negative cost (relative to the baseline
scenario) up to a certain point. The installation of a GSHP with a thermal capacity
of 69 kW requires an initial investment of €133 303. However, the total annual cost is
expected to decrease by 0.9% compared to the baseline scenario due to the reduction
in annual energy costs. This system configuration leads to a CO2 emission reduction
of 40.4% compared to the baseline scenario. Further reductions in CO9 emissions can
be achieved with a GSHP of 97 kW, while still reducing total annual cost compared
to the baseline scenario. The long lifetime of the borefield is able to compensate for
the necessary high capital investments.

The installation of an ASHP on the other hand will, in this particular case, lead
to an increase of total annual cost compared to the baseline scenario. An ASHP
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. € € € €
COQ price 0 m 50 m 100 m 200 m
GSHP 69 kW 97 kW 112 kW 138 kW
Capacity ratio 4.1% 5.7% 6.6% 8.1%
Coverage ratio 47.0% 59.6% 64.7% 71.4%
Initial investment cost €133 303 €173735 €195 395 €231 495
Total annual cost 80545 S 81042 SS. 81799 SS. 83791 S
Rel. to baseline scenario —-0.9% —0.3% +0.7% +3.1%
CO; emissions 137 £9%2 112 L2 q02 K2 g9 LBz
Rel. to baseline scenario —40.4% —51.3% —55.7% —61.3%
Cost of CO9 reduction -7.8 % -1.9 % 4.1 % 17.9 %

TABLE 3.4: Results system optimisation with only GSHP enabled.

: € € € €
COQ price 0 $CO, 50 1CO5 100 $CO5 200 1CO5
ASHP 0 kW 0 kW 64 kW 148 kW
Capacity ratio 3.8% 8.7%
Coverage ratio 16.4% 28.2%
Initial investment cost €42512 €87284
€ €
Total annual cost 83945 Tear 88467 Tear
Rel. to baseline scenario +3.3% +8.9%
COs emissions 199 £22 177 L02
Rel. to baseline scenario —-13.5% —23.0%
Cost of CO9 reduction 86.3 % 135.8 %

TABLE 3.5: Results system optimisation with only ASHP enabled.

of a certain capacity leads to a lower CO4 emission reduction, as the average COP
is lower. The mean COP throughout one year for the GSHP is 5.1 while for the
ASHP it is 4.1, and especially in the coldest periods of the year, when heat demand
is highest, the GSHP’s COP is significantly higher than that of the ASHP.

Finally, it is important to note that this specific building is not representative for
the ‘average’ Flemish school building. Most notably, the floor area of the building
is considerably larger than the average floor area in Flemish school buildings. This
results in a higher heat demand, which in turn leads to higher annual energy costs.
Consequently, higher initial investment costs might be justified. Additionally, UCLL
is a university, which implies that the use of the building and thus the heat demand
may differ significantly from that of a primary or secondary school.
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3.4 nPro limitations and (implicit) assumptions

The application of nPro to this real-life case has led to several findings regarding
limitations and assumptions of the tool, which are listed in this section.

Firstly, it is important to note that the demand profile generation is purely
based on the assumption of the linear relationship between ambient temperature
and heat demand and on the assumption that the normalised day profile is always
quite similar. Therefore, other factors like setpoint temperature, building envelope
U-value, WWR, etc. are only taken into account implicitly via the total annual
heat demand. However, a certain annual heat demand (e.g. in kWh) provides no
information regarding the annual heat demand profile (e.g. in kW). Two buildings
that have the same total annual heat demand can have very different heat demand
profiles.

Secondly, it should be noted that when a system consisting of two heat sources in
parallel is modelled in nPro, the supply temperatures of these two heat sources are
assumed to always be equal. In reality, a three-way (mixing) valve may be installed
when e.g. a heat pump and a gas boiler work in parallel, connecting the ends of both
and enabling the heat pump’s supply temperature to be lower than the gas boiler’s.
Lower supply temperatures are beneficial for the COP of a heat pump so the heat
pump having to reach the same supply temperature as the gas boiler might lead to
nPro proposing a smaller heat pump.

Thirdly, it is not possible yet to optimally size a hybrid heating system consisting
of two heat sources in series. Using a workaround, it is possible to split the total heat
demand into a low- and a high-temperature heat demand by defining a threshold
temperature 7Ti;,. The low-temperature heat demand is then assigned to the heat
pump and the high-temperature heat demand is assigned to the gas boiler. However,
this means that there is no optimal sizing of the heat pump as the latter is only sized
to meet the low-temperature heat demand. Nevertheless, this method can still be
interesting to compare the parallel configuration with the series configuration for a
given heat pump capacity.

Lastly, a comment can be made about the definition of component lifetimes
in nPro. The tool is primarily designed for the planning phase of energy projects.
However, this thesis concerns a retrofit problem. A gas boiler is already present
in the school building, and the objective is to add a heat pump to create a hybrid
heating system. In nPro, it is currently not possible to model the gas boiler having a
certain remaining lifetime which is smaller than the total gas boiler lifetime. This
would require nPro to make multiple design decisions on different moments in the
investigated time horizon, which is also not possible yet.

3.5 Conclusion
This chapter demonstrated that while nPro has certain assumptions and limitations,
it can be utilised for the sizing of a hybrid heating system in a real-life case. For the

case of building D of UCLL Campus Proximus, it was clear that, when allowing for a
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relatively high initial investment, both the total annual cost and the amount of COq
emissions can be reduced when installing a GSHP with heat storage. Furthermore, the
installation of an ASHP was compared to the installation of a GSHP, in terms of cost
and CO5 emission reduction. This showed that, in this specific case, achieving a COq
emission reduction by installing an ASHP leads to an increase in total annual cost
compared to the baseline scenario. Finally, some remarks concerning the generation
of heat demand profile in nPro, the modelling of different hybrid heating system
configurations in nPro and the definition of component lifetimes in nPro in the
context of this thesis were presented, which was the subject of SQ2 (see Section 1.2).
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Chapter 4

The school building model

As mentioned in Section 2.3.2; the school building model that will be used in the
analysis of Chapters 5, 6 and 7 was developed using Modelica and IDEAS, in
the Dymola simulation environment. In this chapter, the modelling of the school
building architecture in general is explained in Section 4.1. Section 4.2 addresses
the modelling of the building envelope, focusing on all relevant aspects: materials
and construction, windows, building orientation, thermal transmittance, airtightness
and ventilation. Next, Section 4.3 covers all aspects regarding the occupancy of the
building. Section 4.4 briefly discusses the weather boundary conditions imposed in
the simulations. Finally, the heating system model is presented in Section 4.5. A
brief validation of the Modelica model can be found in Appendix B, Section B.1.

4.1 Building architecture

The school building modelled for this thesis is based on the representative school
building model defined by Wauman et al. in [37]. Their prototypical building model
is based on averaged values of 35 Flemish school buildings, chosen from the database
of Flemish school characteristics of the Agency for School Infrastructure (AGION).
It is noteworthy that their model is based on buildings constructed after 2005, as
the authors sought to incorporate current trends and changes. As of 2018, 70%
of Flemish school buildings were constructed before 1990. However, in 50% of the
buildings constructed before 1990, a major rebuild or renovation has taken place [3].
Still, it is important to consider that Wauman et al. focused on recently constructed
buildings, when selecting parameters such as building envelope U-values. It is possible
that the values of these parameters are overly optimistic for buildings constructed
prior to 2005, which could be the majority of buildings that would be interested in
implementing a hybrid heating system.

The floor plan of the modelled building is shown in Figure 4.1. The zones are
numbered from 1 to 20. The rectangular building has two floors. There are eight
types of zones: a canteen (zone 1), a kitchen (zone 2), classrooms (zones 4, 5, 13, 16,
17), a teachers room (zone 9), an office (zone 10), a gym (zone 12), hallways (zones 19,
20) and sanitary or storage rooms (zones 3, 6, 7, 8, 11, 14, 15, 18). All zones except
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for both hallways are heated. The total floor area of the building is 2 052.06 m?,
of which 1 751.28 m? is heated. The gym is the only zone that covers both floors.
Other general architectural properties of the building are listed in Table B.1, which
can be found in Section B.2 of Appendix B.

FRONT

1
KITCHEN
2 3 6
CANTEEN CIRCULATION /SANITARY/STORAGE 4 GYM

OFFICE
7 8 10 1 12

1st floor

GYM

BACK 2nd floor

FIGURE 4.1: Floor plan of the representational Flemish school building model [37].

Figure B.4, which can be found in Section B.3 of Appendix B, shows how the
school building was modelled in Modelica. Each zone is modelled as a Zone component
connected to a number of surface components (InternalWall for the internal walls
and ceilings, OuterWall for the external walls and roofs, S1abOnGround for the floors
and Window for the windows). The connections are represented by yellow lines.

Currently, the IDEAS library does not support modelling the staircases as
vertical passages between the hallways on both floors. Therefore, the school building
model just assumes the hallways to not be vertically connected. This implies that
convective flows because of a temperature difference between both floors are not
possible. However, this will have minimal impact on the results as the hallways are
not heated anyway.

4.2 Building envelope

4.2.1 Materials and construction

Construction and material parameters for each of the different surfaces were based
on the compositions of structural elements listed in [37]. These constructions are
defined in Table B.2. Material properties of all used materials can be found in
Table B.3. Both tables can be found in Section B.4 of Appendix B. As mentioned
earlier, the authors of [37] focused on buildings constructed after 2005, which means
that these constructions might not be representative for older buildings. It is therefore
important to investigate the impact of varying the building envelope U-value on
the overall heat demand and heat pump sizing. This will be done in Chapter 6 by
varying the thickness of the layer of polyurethane (PUR) in the different surfaces of
the building envelope (dpyr).
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4.2.2 Windows

Except for some storage rooms (zones 3, 8, 15) and the hallway on the first floor (zone
19), all zones have at least one window. Some zones with multiple external walls
have more than one window. All windows are assumed to be 1.55m high (Ayindow)-
Window width is defined as a certain fraction (fyindow) of the width of the external
wall in which the window is located. This fraction and the window height will be
used in the analysis of Chapter 6 as a way to vary the window-to-wall ratio (WWR)
of the building. The WWR is defined as:

Awindow
WWh Awall + Awindow ’ (41)
where A indow 1S the total area of all windows and A,y is the total area of all
external walls (excluding window area).

The used Window components have ‘EpcDouble - Uncoated double glazing’
as glazing type and ‘Wooden frame’ as frame type. Both are interface types included
in the IDEAS library. According to [3], 68% of Flemish school buildings had double
(or triple) glazing in 2018.

The default value of fyindow is set to 0.68, resulting in a WWR of 30%. This
value falls precisely between the lower and upper limits of 20% and 40% as mentioned
in [37]. The Korean school building described by Kang et al. [60] also has a WWR
of around 30%.

4.2.3 Building orientation

Every surface component has an input parameter azi, which is the azimuth angle of
the surface. This angle, for each surface component, is related to the azimuth angle
of the front fagade of the school building, 7 fron¢. For the external wall of zone 17 for
example, azi is set to vfrons + 180°. The default value 7.on¢ is chosen to be 135°,
which means that the front facade is faced to the northwest.

4.2.4 Thermal transmittance

The average U-value of the building envelope, Ugpy, is calculated as the area-weighted
average of the U-values of each of the N surfaces of the building envelope (external
walls, roofs, windows and floors). This is shown in Equation 4.2.

0. L1 Ui- A
env Ao
Uwall ' Awall + Uwindow : Awindow + Uroof : Aroof + Ufloor : Afloor
B Aenv

(4.2)

In the OuterWall, Window, and SlabOnGround component of the IDEAS library,
the U-values are calculated as shown in Equations 4.3 to 4.5.
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1
UOuterWall = 1Tm2 m2 (43)
s I R+
UWindow = Uglazing * (1 - fframe) + Uf’/‘ame ’ fframe (44)
1
USlabOnGround = (45)

1m?2 K m
6 W +Zi:1R7L

In these equations, % m\QNK and % m\QNK are the internal and external (thermal)

surface resistance for walls and roofs as defined in the norm ISO 6946:2007. Following
that same norm, the internal surface resistance for floors is % mf,VK, and the external
surface resistance is zero because of the lack of an air layer. The term » ;" R; is the
sum of the thermal resistances of each of the m material layers in the construction
type. Uglazing and Ufrqme are parameters depending on the window type. fframe is
the proportion of the window area that is window frame.

Tian and Choudhary [61] found different U-values in previous studies on school
buildings in the United Kingdom [62, 63, 64, 65]. Kati¢, Krsti¢ and Marenjak [66]
investigated 47 schools, of which most constructed before 1988, in Bosnia-Herzegovina.
It is unclear how they defined Upp,. Also, it is likely that school buildings in Bosnia-
Herzegovina will exhibit higher U-values in general because of climatological and
socio-economic factors. These values thus might not be representative for the
Flemish case. Cecconi, Moretti and Tagliabue [67] investigated the data of 1632
school buildings that were included in the Energy Performance Certificates (EPC)
database of the Lombardy region in Italy [65]. Of the aforementioned sources, [01] is
arguably the most representative one, given the similarities in climate and economy
(both of which affect typical building insulation quality) between the United Kingdom
and Flanders.

Table 4.1 presents an overview of the (average) U-values observed in these three
sources. Based on this, the default value of dpyg is chosen to be 2 cm, resulting in

Ueno being equal to 1.00 m\QNK.

Uwall Uwindow Uroof Ufloor Uenv
[61] 02-15 1540 0215 0215 n/a
[66] 0.25-2.73 1.41-4.29 0.34-4.81 0.34-4.18 0.51-3.09
[67] 0.52-1.38 2.28-3.89 0.53-1.26  n/a n/a
Chosen default values 0.90 2.72 0.79 0.80 1.00
TABLE 4.1: U-values found in literature and default U-values [m\ZNK]

4.2.5 Airtightness

In each Zone component, a n50 value can be defined. This is the amount of air changes
per hour at a pressure difference of 50 Pa. The parameter interzonalAirFlow is
set to n60FixedPressure, which means that a constant air exchange rate between
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zone and environment is assumed. This actual air exchange rate is calculated by
dividing the n50 value by 20, which is a common rule of thumb [36, 69, 70].

No data was found regarding typical air infiltration rates for Belgian school
buildings. In [71], a median n50 of 3.70 h™! is mentioned for a sample base of 18
houses, one industrial building and two offices in Belgium. Fernandez-Agiiera et al.
[72] conducted pressurization tests in 42 Spanish school buildings, resulting in a mean
n50 value of 6.97 h~!. However, due to the Mediterranean climate in Spain, natural
ventilation is more prevalent, and buildings are typically less insulated. Based on
these findings, the default n50 value of each zone is set to 4.5 h™!.

4.2.6 Ventilation

In 2018, only 15% of Flemish school buildings had mechanical ventilation, with the
majority of these systems being found in recently constructed buildings [3]. Tt is
therefore assumed that there is no ventilation system in the modelled school building.

4.3 Occupancy data

4.3.1 Occupancy schedules and occupant density

Occupancy schedules are based on the typical school year, week and day in Flemish
schools. A graphical representation of these schedules can be found in Section B.5.1
of Appendix B.

The used values for the occupant densities of each zone are listed in Table 4.2.
These values are calculated from the deterministic boundary conditions for Flemish
schools presented in [37], by dividing the occupant density by the relative absence
factor (which is “the proportion of usage time in which no persons are present in the
area being assessed” according to the norm DIN V 18599-10).

Zones Zone type Occupant density [per?;n]
1 Canteen 1.5
2 Kitchen 10

4, 5,13, 16, 18 Classroom 3/0.825 = 3.64

9 Teachers’ room 3/0.50 =6
10 Office 14/0.70 = 20
12 Gym 20

19, 20 Hallway 10

TABLE 4.2: Occupancy data per zone [37].

4.3.2 Temperature setpoints

The temperature setpoints are also based on the deterministic boundary conditions
presented in [37]. The temperature setpoint during occupancy in the gym is 17°C,
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for all other zones the setpoint during occupancy is 21°C. On Tuesdays, Thursdays
and Fridays, this setpoint is set between 07:00 and 16:00. On Mondays the setpoint
is set between 06:00 and 16:00, one hour earlier because the building may have cooled
down considerably over the weekend. On Wednesdays, it is set between 07:00 and
12:00 except for the office, where it is also set between 07:00 and 16:00. In all other
instances, so when the building is unoccupied, the setpoint is 14°C. A graphical
representation of these schedules can be found in Section B.5.2 of Appendix B.

4.3.3 Internal heat gains

There are three sources of internal heat gains: people, equipment and lighting. For
people and equipment, the used values are shown in Table 4.3.

People Equipment

Sensible Latent Sensible Latent

Canteen 80 80 0 0
Kitchen 75 70 300 300
Classrooms, teachers’ room, office 70 45 20 0
Gym 210 315 0 0
Hallways 75 70 0 0

TABLE 4.3: Internal heat gains [——] based on [73].

person

For lighting, generic LED lighting is assumed. Lights are on when a zone is
occupied. LED lighting is included as a record in the IDFEAS library. It assumes
a luminous efficacy of 150 1% and a radiant fraction of lighting heat exchange of
35%. The illuminance requirement of the classrooms and the office is 500 Im and
for the other zones it is 300 Im. These are values found in the Generic and 0ffice

RoomType records of the IDEAS library.

4.4 Meteorological data

Weather boundary conditions are often provided by TMY (typical meteorological year)
files. These files are specifically designed to support building simulations and contain
meteorological parameters like dry bulb temperature, dew point temperature, wind
velocity and solar irradiance for a period of one year [74]. The weather file used
in this thesis is BEL_VLG_Uccle.064470_TMYx.2007-2021", which contains weather
information of the weather station in Uccle, Belgium. The annual profile of the
outdoor temperature is shown in Figure 4.4. The minimum, maximum and mean
outdoor temperature are -4.9°C, 33.6°C and 11.1°C respectively.

TSee: https://climate.onebuilding.org/WMO_Region_6_Europe/BEL_Belgium/index.html.
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4.5. Heating system

4.5 Heating system

For the heating system, a custom Modelica model is created. A graphical repre-
sentation is shown in Figure 4.2. In the school building, all zones except for the
hallways are heated, so 18 zones in total. The heating system is thus modelled as
the combination of a central heater, 18 radiators with a thermostatic radiator valve
(TRV) and 18 pumps. In the next subsections, these components are explained in
more detail. The fluid in the heating system is water, of which the properties are
included in the IDEAS package Media.Water.

The heating system model has 18 x 2 input nodes (TSet and TSensor) and 18 x 2
output nodes (heatPortCon and heatPortRad). A CombiTimeTable block with the
setpoint temperatures of each zone over time is connected with the TSet input nodes.
The TSensor output nodes of each zone are connected with the TSensor input nodes
of the heating system model. The heatPortCon and heatPortRad output nodes of
the heating system model (for the convective and radiative heat gains) are connected
with the gainCon and gainRad input nodes of each zone.
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F1GURE 4.2: Graphical Modelica representation of the heating system model.

4.5.1 Heater

The heater is modelled by the Heater _T component of the IDEAS library. The inlet
port of the heater is connected to the pumps, while the outlet port is connected to
the TRVs. The heater also has one input for the supply temperature setpoint. The
nominal mass flow rate of the heater is set to the sum of the nominal mass flow rates
of all radiators.

The supply temperature setpoint is determined by means of a heating curve. A
heating curve is a type of weather compensation. The supply temperature of the
heater is set according to the outdoor temperature. Often, a linear dependency is
chosen [75, 76, 77]. As the outdoor temperature decreases, heat losses from the
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building to the surroundings increase. To compensate for this effect, the heater’s
supply temperature is raised, which increases the heat flow rate of the emission system.
The heating curve employed in the heating system model is depicted in Figure 4.3.
The maximum supply temperature is set to 75°C. This supply temperature is reached
when the outdoor temperature goes below -8°C, which is the lowest ‘base outdoor
temperature’ in Flanders. This base outdoor temperature is defined in the norm EN
12831-1 as the average minimum temperature of the coldest month. For outdoor
temperatures exceeding 20°C, it can be assumed that heating is unnecessary. Even
for outdoor temperatures between 16°C and 20°C, a need for heating is unlikely.
Therefore, the supply temperature is set to 20°C at an outdoor temperature of 20°C.
Because a purely linear heating curve might endanger thermal comfort, a bend is
added so that the supply temperature is still 60°C when the outside temperature is
10°C. The supply temperature is adjusted on a daily basis, according to the running
mean outdoor temperature of seven days as defined in the norms EN 15251:2007
and EN 16798-1:2019.
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FIGURE 4.3: Heating curve used in model.

Figure 4.4 illustrates the variation in supply temperature in response to changes
in outdoor temperature over the course of a year. The inverse relationship between
outside temperature and supply temperature is clearly visible. At some moments
during summer, the outdoor temperature temporarily exceeds the supply temperature,
which might not be very realistic. This however has no impact on the results because
there is no heat demand at these moments.

4.5.2 Radiators

The radiators in each zone are modelled by a RadiatorEN442_2 component, which
is part of the IDEAS library. The inlet of each radiator is connected to the outlet of
the corresponding TRV. The outlet of each radiator is connected to the inlet of the
corresponding pump. In the RadiatorEN442_2 component, the nominal mass flow
rate is calculated as in Equation 4.6.

Qnom

Cp (Ta,nom - Tb,nom)

(4.6)

Mpom =

36



4.5. Heating system
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FIGURE 4.4: Supply temperature and outdoor temperature for simulated year.

T4 nom and T o are the nominal inlet and outlet temperature of the radiators.
These are set to 65°C and 55°C respectively. As can be seen in Figure 4.4, the
supply temperature of the heater is between 60°C and 70°C during the periods when
heating is most needed. The parameter ¢y nom is the specific heat capacity of water
at nominal conditions. Finally, Qnom is the nominal heat flow rate of the radiator,
so the heat that is injected when the heating system is on. It is a parameter of the
RadiatorEN442_2 component. It is set equal to Qdesigna which is the design heat
load of each zone based on the heat losses of that zone. This design heat load is
calculated automatically in each Zone component as in Equation 4.7.

Qdesign = Qinf,design + Qtra,design + th ,design
. - J kg 14 n50
with Qinf,design = 1012 kgiK 1.204 3 3600% . =0 (21 C - Tdeszgn) -
4.7

n
and Qtra,design = Z Uz ' Az ' (2100 - Tdesign)
and th,design =A- fRH

The term Qm f.design Tepresents the design infiltration losses. The n50 value in
h~! is converted to actual air exchanges per hour by dividing it by 20, as mentioned
earlier. This number of air exchanges per hour is multiplied by the zone volume V
and divided by 3600 to get the volume flow rate of air infiltration in ‘% This value
is then multiplied by the specific heat capacity and mass density of air to achieve
a value describing the relative infiltration losses in % This value is multiplied by
the difference between the assumed setpoint temperature of 21°C and the design
temperature of -8°C (see Section 4.5.1) in order to achieve the design infiltration
losses.

th@esign represents the design transmission losses, calculated by multiplying the
U-value of each zone surface with the area of the surface and the design temperature

difference and adding these values together.
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Finally, th,design is a term representing the additional heating requirement
because of the effects of intermittent heating. It is calculated for each zone by
multiplying the zone area with a reheat factor frp, which is taken equal to 36 %,
following the norm EN 12831 and assuming a relatively short reheat time, a relatively
large temperature drop during setback and a relatively low building mass.

The heat port for convective heat transfer and heat port for radiative heat transfer
of each radiator are connected to the corresponding node of the heating system
model.

4.5.3 TRVs

Every radiator has a TRV placed at its inlet port. It is modelled by the TwoWayTRV
component of the IDEAS library. It has the same nominal mass flow rate as the
corresponding radiator. Each TRV has an input for the measured temperature in
the corresponding zone. The temperature setpoint of each TRV is set 0.5°C above
the actual temperature setpoint, to maximise thermal comfort. A proportional band
of 1.5K is chosen. Information about the nominal pressure drops defined in this
component can be found in Section B.6 of Appendix B.

4.5.4 Pumps

To make the control of the emission system of each zone easier, each zone is mod-
elled to have a separate (circulation) pump. These pumps are modelled by the
FlowControlled_dp component of the IDEAS library. For each pump, the nominal
mass flow rate is set equal to the nominal mass flow rate of the corresponding
radiator. The nominal pressure rise is set equal to the sum of a share of the nominal
pressure rise of the heater and the nominal pressure rise of the corresponding TRV
and radiator(s). This is explained in more detail in Section B.6 of Appendix B.
Conducting a dynamic simulation for one year shows that the annual electricity
usage of the circulation pumps is less then 0.1% of the total annual heat demand, so
this energy usage is disregarded in the analysis of Chapters 5 and 6.

4.5.5 Control strategy

During the occupied periods, the control of the heat emission happens through the
TRVs. The pumps are continuously on. The TRVs control the mass flow through
each radiator based on the difference between measured and setpoint temperature.
By doing this, they also control the emitted heat of each radiator (Q =1m-c,- AT).

It is assumed that the TRVs are not motorised, so it is not possible to change
the setpoint temperature automatically. Therefore, during unoccupied periods, the
pumps are controlled using an on/off-strategy. When the sensor temperature of a
zone falls below 14°C, the corresponding pump is switched on. The pump is turned
off again when the temperature becomes higher than 14°C + AT}, with ATy,
equal to 2°C.

Figure 4.5 shows a typical ten-day temperature profile for the teachers’ room
(zone 9) during winter. In the night of day 27, the building cools down enough to
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initiate the on/off-behaviour of the heating system. When the zone temperature falls
below 14°C, the pump is activated for about half an hour until the zone temperature
reaches 16°C. The zone then continues to heat up by approximately half a degree
more due to the hot water still present in the radiator. During the occupied periods,
the TRVs control the flow through the radiator and thus the zone temperature.
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FIGURE 4.5: Typical temperature profile in winter (zone 9).

4.5.6 Thermal discomfort

Finally, thermal discomfort is a parameter that is also considered in the next chapters
and thus requires some explanation. As this thesis only covers the aspect of heating,
only the thermal discomfort regarding the temperature being too cold is considered.
The parameter expresses the amount of time that the sensor temperature of an
occupied zone is a certain amount of degrees below the setpoint temperature of that
zone. Thermal discomfort is calculated in the Modelica model by integrating the
difference between setpoint temperature and sensor temperature for each zone, if
this difference is positive and the zone is occupied. The resulting values are then
summed to achieve the total thermal discomfort of the school building expressed in
degree h.

4.6 Conclusion

This chapter gave a comprehensive overview of the modelled school building. As-
sumptions that have been made were explained and all necessary boundary conditions
were established. This school building model is now used for dynamic simulations, of
which the results are presented in Chapters 5 and 6. The model is also used in the
optimisations conducted in Chapter 7.
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Chapter 5

The impact of the nPro
optimisation settings

This chapter, together with Chapter 6, presents the results of the dynamic simulations
that were conducted with the school building model described in Chapter 4. First, an
overview of the parameters that are relevant in the analysis of these results is provided
in Section 5.1. Next, Section 5.2 presents a brief comparison of the load profiles
generated by nPro with the results of the dynamic simulations of the Modelica model.
These load profiles are an important required input for the system optimisation in
nPro. Section 5.3 covers the baseline scenarios that serve as a benchmark for the
rest of the analysis. Section 5.4 then addresses one of the limitations of nPro, as
identified in Chapter 3, namely the modelling of a hybrid heating system in series
configuration. A comparison is made with the results for a hybrid heating system
in parallel configuration. Section 5.5 investigates the impact of specifying a certain
CO3 reduction. In these two sections, the aspect of the remaining lifetime of the
current gas boiler, also identified in Chapter 3, is investigated as well.

This analysis provides insights into the extent to which the nPro optimisation
settings corresponding to the limitations of the tool identified in SQ2 affect the
results of the optimal hybrid heating system size. From this point onward, the
investigation focuses on hybrid heating systems consisting of a gas boiler and an
ASHP, as previously outlined in Sections 2.1.1 and 3.3.4.

5.1 Important parameters

Table 5.1 presents the parameters that are important in the further analysis. These
parameters are categorised into Modelica simulation outputs, nPro optimisation
inputs, nPro optimisation outputs and nPro system operation outputs.

The annual heat demand, peak heat demand and thermal discomfort are results
of the dynamic simulations conducted using the representative school building model.
It should be noted that the values of these parameters remain constant regardless of
the system optimisation conducted by nPro, as nPro merely calculates the optimal
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system size capable of perfectly meeting the inputted heat demand. The capacity of
the currently installed gas boiler is assumed to be equal to the peak heat demand.

Modelica simulation outputs

Heating energy Eheat [MWh/year]
Peak heat demand Qpeak [kW]

Capacity of current gas boiler Pryoi cur (kW]

Thermal discomfort TD [(degree h)/year]

nPro optimisation inputs

COg price Cco, [€/tCO2]
Minimal COy emission reduction ACEin [%]
Remaining lifetime of current gas boiler  Lg; [years]

nPro optimisation outputs

New gas boiler capacity Proimew [kW]
Heat pump capacity Py [kW]
Capacity ratio Prp/ Pyoi [%]

nPro system operation outputs

Coverage ratio Eheat.hp/ Enear  [%0]

Initial investment cost Cinv,ini [€]

Total annual cost (excl. COy cost) Can,tot [€/year]
Increase of total annual cost ACan, tot [%]

CO3 emissions CE [tCOy/year]
CO» emission reduction ACE (%]

Cost of CO4 emission reduction Cack [€/tCO4]

TABLE 5.1: Relevant parameters in the analysis of the impact of the nPro optimisa-
tion settings and building parameters on heat demand and optimal hybrid heating
system size.

Apart from the heat demand profile calculated in the first calculation step (load
profile generation, see Section 2.3.1), the second calculation step of nPro (energy
system design optimisation) requires the input of three variables relevant to this
analysis: a COq price, a minimal COs emission reduction and a remaining lifetime
of the natural gas boiler that is currently present in the investigated school building.
Other nPro inputs that need to be defined, like the observed period, technical
parameters and cost parameters, are the same as described in Section 3.3.1, unless
otherwise stated.

The outputs of the nPro system optimisation are the capacity of the new gas
boiler (if the remaining lifetime of the current boiler is 0 years) and the capacity of
the heat pump. The capacity of the heat pump can be expressed as a percentage of
the capacity of the (new) gas boiler in the heating system. This is called the capacity
ratio.
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Following the system optimisation, nPro simulates the system operation for the
observed period. The coverage ratio is defined as the ratio of heat provided by
the heat pump to the total heat demand [29]. Other important parameters include
the initial investment cost of the new heating system and the total annual cost.
As previously outlined in Chapter 3, the total annual cost is comprised of several
components. These are the initial investment cost (annuity), the annual energy cost,
the annual maintenance cost, and, if applicable, an annualised negative investment
cost at the end of the observed period due to the residual value of assets that have
not reached their technical lifetime yet. It does not include the CO2 cost, in order
to allow for a fair comparison between different system designs. The parameters
ACun ot and ACE express the increase or decrease of total annual cost and CO»
emissions respectively, in comparison to the baseline scenario described in Section 5.3.
By dividing ACE by ACqn,tot, the cost per tonne of CO2 reduction is obtained.

The impact of the U-value of the building envelope (Ue,,), the window-to-
wall ratio (WW R), the building’s airtightness (n50) and the building’s orientation
(Vfront) on the heat demand and optimal hybrid heating system size is investigated
in Chapter 6. Until then, the values shown in Table 5.2 are assumed for these
parameters. The reasoning behind these values was explained in Chapter 4.

Parameter Default values

WWR 30% (fuwindow = 0-68, Puwindow = 1.55 m)

Y front 135°(northwest)
Uenv 1.00 % (dPUR =2 cml, Uwindow =2.72 %)
n50 4.5 h™!

TABLE 5.2: Building parameter values for the baseline scenario.

5.2 Comparison of nPro and Modelica load profiles

First of all, it should be recalled that nPro has an hourly resolution. Therefore, the
Modelica outputs are also converted to hourly values when they are used as input
for nPro. This mainly affects the peak heat demand, which is reduced when taking
an hourly average. However, as the primary focus is the sizing of the heat pump
component in a hybrid heating system, this has a relatively limited impact, as the
heat pump is typically sized in such a manner that it does not have to cover these
peak demands.

The results of the dynamic simulation conducted with the Modelica school building
model are presented in Figure 5.1. The annual heat demand Fjeqs is 88.3 MWh, the
peak demand Qpeak is 185.3 kW (171.9 kW when hourly averaged), and the thermal
discomfort T'D is equal to 135.9 degree h.

The nPro load profile generation is now carried out using Fpeq: as input. The
result of this is also shown in Figure 5.1. A similar observation as in Chapter 3 can be
made: the peak heat demand is underestimated because nPro attributes too much of
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the heat demand to the non-occupied periods. The degree-day method used by nPro
is an oversimplification of reality. Two other minor remarks can be made. Firstly,
the holiday periods assumed by nPro and those defined in the Modelica building
model slightly differ, which is visible in the middle plot of Figure 5.1. Secondly, nPro
does not differentiate between Wednesdays and other weekdays. This can also be
seen in the middle plot of Figure 5.1. Consequently, Wednesdays are attributed more
heat demand than they actually have in reality, which results in a slight reduction of
the overall peak heat demand.

So, when using nPro for the generation of heat demand profiles, it should be
kept in mind that base heat demand might be overestimated and peak heat demand
might be underestimated. From now on, the heat demand profiles that are used
in nPro will be the ones resulting from the dynamic simulations with the Modelica
school building model.

§150_ —— Modelica
'rgu 100 nPro
e
-8 I ‘|I
] 501 ‘ i i
% 0 J ; wde' s \ .‘LJ.L ‘.:UI... _ b A
0 50 100 150 200 250 300 350
Time [days]
Ag,_t,lg,o —— Modelica
'rgu 100 nPro
e
° 50
£ Ud g L N ViV VA
I o : / A | S s | W S AW AV AYAVAN.
28 29 30 31 32 33 34 35
Time [days]
Ag,_t,lg,o_ 777777777 171.88 kW —— Modelica
'rgu 100 nPro
£
Q
© 50 4 \
-
[(v]
T o
0 1000 2000 3000 4000 5000 6000 7000 8000

Duration [hours]

FIGURE 5.1: Heat demand comparison between dynamic simulation using the
Modelica representative school building model and load profile generation by nPro.

5.3 Baseline scenarios

The parameters ACyy 1ot and ACE require the definition of a baseline scenario. A
distinction must be made between the baseline scenario where the current natural
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gas boiler can be used for 15 more years, and the baseline scenario where this boiler
needs to be replaced now. In the first case, the total annual cost is equal to the sum
of the annual energy cost and the annual maintenance cost. In the second case, a
new boiler with the same capacity, equal to the peak heat demand, is installed. The
total annual cost is thus the sum of the annual energy cost, the annual maintenance
cost and the annuity of the investment cost of the new boiler.

Table 5.3 shows the results for these baseline scenarios. ‘Current HC, Current
radiators’ is the baseline scenario of the school building model as described in
Chapter 4. This is the baseline scenario assumed in Section 5.4. The choice for this
baseline scenario is further elaborated upon in that section.

In the baseline scenario ‘New HC, Current radiators’, the heating curve of the
school building model is lowered. This way, the fact is taken into account that a
mixing valve cannot be modelled in a parallel hybrid heating system in nPro, which
was one of the shortcomings of the tool presented in Section 3.4. This however leads
to high values of thermal discomfort, as can be seen in Table 5.3, if the nominal inlet
and outlet temperatures of the modelled radiators are not changed. Therefore, the
nominal temperatures of the radiators in the school building model are lowered to
guarantee thermal discomfort remains within an acceptable range. ‘New HC, new
radiators’ is thus the baseline scenario for Section 5.5, which means that the total
annual cost for the baseline scenario with ‘Lp,; = 15 years’ and ‘Lp,; = 0 years’ are
equal to 7006 % and 9814 %, respectively. The former consists of an annual
energy cost of €6860 and an annual maintenance cost of €146. The latter also
includes the initial investment of €29 150, which is annualised to an equivalent annual
cost of €2808. The baseline value for the annual COy emissions is 24.4 tCOs.

Current HC New HC

Current radiators Current radiators New radiators

Epear [MWh/year] 88.3 85.8 88.0
Opears [KW] 171.9 138.4 180.8
Pros.cur [KW] 172 139 181

TD [(degree h)/year] 135.9 852.6 166.3
Lyo; [years] 15 0 15 0 15 0
Proi.mew [KW] / 172 / 139 / 181
Con.tot [€]year] 6999 9677 6764 8965 7006 9814
CE [tCO, /year] 24.5 24.5 23.8 23.8 244 244

TABLE 5.3: Values for baseline scenarios.

5.4 System configuration

As explained in Section 3.4, it is currently not possible in nPro to conduct the
system optimisation with a hybrid heating system consisting of two heat sources in
series. Using a workaround, it is only possible to split the total heat demand into
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a low- and a high-temperature heat demand by defining a threshold temperature
Tip. The low-temperature heat demand is then assigned to the heat pump and the
high-temperature heat demand is assigned to the gas boiler. The heat pump is thus
sized to exactly meet this low-temperature heat demand.

To fairly compare the parallel configuration with the series configuration, the
‘Current HC, Current radiators’ baseline scenario from Table 5.3 is assumed. The
remaining lifetime of the current boiler is set to 15 years, for the same reasons
explained in Chapter 3.3.1. Since nPro needs a very specific input regarding the
supply and return temperatures for the workaround to be able to work, new profiles
are defined for these temperatures (which is why the ‘Current HC, Current radiators’
baseline scenario can be assumed in this case). For the series configuration a heating
curve with a maximum value of 75°C at an outdoor temperature of -8°C and a
minimum value of 30°C at an outdoor temperature of 20°C is assumed. For the
parallel configuration the maximum value is assumed to be 65°C. The temperature
difference between supply and return is set to 10°C.

The sizing of the heat pump in the series configuration is conducted for three
different threshold temperatures Ty,. Then, the sizing of the heat pump in the parallel
configuration is conducted in such a way that the same CO2 emission reductions as
in the cases of the series configuration are achieved. The outcome is presented in
Table 5.4.

Series Parallel

Ty [°C] 60 52.5 45 - - _
Py, kW] 308 232 172 196 108 44
Eheat,hp/Eheat (%) 96.6% 81.8% 53.3% 96.3% 83.0% 55.2%
Can,tot [€/year] 28726 23130 18 856 21025 15029 10731
ACaun ot [%] +310.4% +230.5% +169.4% +200.4% +114.7% +53.3%
CE [tCOg2/year] 5.7 8.2 13.6 5.7 8.2 13.6
ACE [%) —76.7% —66.5% —44.5% —76.7% —66.5% —44.5%
Cack [€/tC0Oq] 1156.1 990.2 1087.5 746.4 492.9 342.3

TABLE 5.4: Results for parallel and series configuration.

First, it should be noted that, for the Ty, = 60°C and T}, = 52.5°C case, nPro
calculates that an ASHP with a nominal thermal capacity exceeding the peak heat
demand is required. This can be explained by the fact that, for the nominal thermal
capacity of a heat pump, nPro assumes a COP of 4. However, at different moments
when the heat demand is close to the peak heat demand, this nominal COP is not
reached due to the low outside temperature. In nPro, the nominal thermal capacity

of the proposed heat pump is thus calculated as P, = max (COPmm . %) r

"This equation is a reflection of the typical behaviour of a heat pump. As source temperature
decreases, electrical power consumption remains relatively constant, while thermal power decreases
as well. This can for example be observed in the technical documentation of the Vitocal 300-G heat
pump, see https://viessmanndirect.co.uk/files//499b1238-03e0-4b0c-b7d5-adda016de3ff/
TechnicalGuide.pdf.
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5.5. Minimal COs emission reduction

Additionally, in the nPro optimisation, the heat demand is precisely split according
to the threshold of the supply temperature. In reality, the heat pump in a series
configuration would rather be controlled with a varying threshold temperature, which
depends on the outdoor temperature as does the COP of the heat pump. This results
in a smaller size of the heat pump.

All these reasons account for a lower cost per tonne of CO2 emission reduction
for the parallel configuration, when achieving the exact same emission reduction.
The parallel configuration furthermore achieves the same coverage ratio, using a
smaller heat pump than the series configuration. Both of these observations can be
seen in Table 5.4. The decision to select the parallel configuration over the series
configuration is thus, in this case, primarily due to the limitations of the nPro tool.
Therefore, the parallel configuration and, consequently, the ‘New HC, New radiators’
case are assumed in the remaining part of this chapter.

5.5 Minimal CO5 emission reduction

This section examines the impact of the nPro optimisation input parameter AC Fy, iy,
the minimal COs emission reduction that needs to be achieved, again considering the
remaining lifetime of the currently installed gas boiler. As explained in Section 5.3,
the ‘New HC, new radiators’ baseline scenario is assumed. Table 5.5 presents the
outcomes of the nPro system optimisation for six different scenarios: three minimal
CO3 emission reductions cases, each with Ly,; being either 15 or 0 years. As could
be seen in Table 1.1, the 2030 target for the non-residential buildings sector is a CO4
emission reduction of approximately 25% compared to 2021.

ACEin %] -25% -50% -75%

Lo [years] 15 0 15 0 15 0
Proinew [KW] / 172 / 151 / 82
Py, kW] 20 20 64 64 208 208
Prp/ Pooi (%] 11.0% 11.6%  354%  424%  114.9%  253.7%
Eneathp/Ehear (%] 31.7%  317%  63.6%  63.6%  96.2%  96.2%
Cinv.ini [€] 19060 46860 42512 67162 119264 133564
Coan tot [€/year] 9384 12055 12422 14774 22360 23664
ACon, tot %] +25.3% +18.6% +43.6% +33.6% +68.7% +58.5%
CE [tCOy/year] 18.3 18.3 12.2 12.2 6.1 6.1
ACE [%) -25%  —25%  —50%  —50%  —75% = —75%
Cack [€/tCO.] 290.6 299.2 250.4 270.3 263.0 313.7

TABLE 5.5: Results for various minimal emission reductions.

These results show that the heat pump is always sized to the extent that the
CO3 emission reduction condition is met, but not exceeded. This means that, for
the modelled school building, achieving the COs emission reduction always entails a
certain cost ACyy 1ot compared to the baseline scenario. When the current gas boiler
is at the end of its lifetime (and thus requires replacement), the value of ACq, 1ot is
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5. THE IMPACT OF THE NPRO OPTIMISATION SETTINGS

lower than when the current gas boiler can be used for an additional 15 years. The
results also show that a relatively small heat pump (e.g. 20 kW) can already result
in a considerable coverage ratio (31.7%). Furthermore, the findings indicate that
an initial investment of €19 060 is necessary to achieve the 2030 emission targets
if the current gas boiler can continue to be used. Should the current gas boiler
be replaced, an investment cost of €46 860 is required: €19 060 for the heat pump
and the remainder for the new gas boiler. The values of the cost per tonne of CO4
emission reduction Cacg prove the existence of a certain emission reduction between
25% and 75%, which leads to the lowest Cacg. Looking at the coverage ratio for the
ACE i, = —75% case, it is clear that achieving a higher emission reduction will be
almost impossible, which is logical because the imported electricity also has a certain
CO9 emission intensity. Achieving zero CO9 emissions is only feasible when the CO9
intensity of the imported electricity is zero (i.e. 100% renewable electricity). In that
case, a very large heat pump is needed to cover the peak heat demand. Achieving
zero CO5 emissions this way, without considering to adapt the heat demand through
measures such as increasing the building insulation or implementing an optimal
control strategy, is not recommended.

5.6 Conclusion

This chapter covered the first part of SQ3 (see Section 1.2). It started with a
comparison between the load profiles resulting from the dynamic simulations with
the Modelica school building model and the load profiles generated by nPro. This
demonstrated that nPro attributes too much of the heat demand to non-occupied
periods, resulting in an underestimation of the peak heat demand. Subsequently,
the impact of system configuration, minimal COy emission reduction and remaining
lifetime of the currently installed gas boiler on the optimal hybrid heating system
size was investigated. The results showed that achieving a COq emission reduction,
for the modelled school building, always entails a certain cost compared to the
baseline scenario. The study also showed that modelling two heat sources in series
in nPro does not yield very realistic results, so in the rest of the chapter the parallel
configuration was assumed. Furthermore, it became clear that achieving a 25%
emission reduction is feasible with a relatively small heat pump, and that ACq, st is
lower when the current gas boiler needs to be replaced than when it can be used for
15 more years.

For the analysis of Chapter 6, the following assumptions will thus be made: a
parallel hybrid heating system configuration, ACE,,;, = —25%, and Lp,; = 15 years.
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Chapter 6

The impact of the relevant
building parameters

This chapter examines the impact of the influential building parameters, which were
identified in Section 2.2.2, on both the heat demand and the optimal hybrid heating
system size. As previously explained, a parallel hybrid heating system and the ‘New
HC, New radiators’ case are assumed, of which the baseline scenario was presented
in Table 5.3. Table 6.1 shows the different values of the four important building
parameters, identified in Section 2.2.2, that are investigated in this chapter: the
average U-value of the building envelope Ue,, the window-to-wall ratio WWR,
the zone airtightness parameter n50, and the building orientation parameter 7y on¢.
Additionally, the parameters dpyr, Upindow, fwindow a0d Rwindow are shown. As
explained in Chapter 4, these were adapted to achieve the different values of Ugpy,
and WW R. The default values of all parameters are in bold.

Uenv dPUR Uwindow fwindow hwindow n50 Yfront (fI‘ODt

W W WWR 1 . .
[—=%] [em] [—%] [/] [m)] [h~']  fagade orientation)
2.00 0.00 3.49 20% 0.48 1.45 2.0 0° (south)

1.50 0.55 2.72 25% 0.57 1.55 3.0 45° (southwest)
1.00 2.00 2.72 30% 0.68 1.55 4.5 90° (west)

0.65 5.30 2.72 35% 0.79 1.55 6.0 135° (northwest)
0.30 12.0 1.11 40% 0.79 1.77 7.0 180° (north)

(
225° (northeast)
270° (east)
315° (southeast)

TABLE 6.1: Investigated values of building parameters.
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6. THE IMPACT OF THE RELEVANT BUILDING PARAMETERS

6.1 Building envelope U-value

The first investigated building parameter is the U-value of the building envelope Ueps,.
This parameter is calculated as shown in Equation 4.2. It is a measure of the quality
of the school building’s insulation. Based on the findings presented in Table 4.1, five
different values of Uy, are chosen. For each of these values, the dynamic simulation
of the Modelica school building model is repeated. The resulting HLDCs and values
of the total annual heat demand are shown in Figure 6.1. The resulting annual heat
demand profiles are used as input for the nPro tool, which conducts a hybrid heating
system optimisation for each case. All relevant results are shown in Table 6.2.

250 276.37 kKW —— Ugpy =2.00W/m2K . 1801 L 100 I:E‘
g _ e
Uepy = 1.50 W/m2K é 160 =
Z 200 — Oeny=1.00W/mK | 3 140/ 50 2
= 19483 kW - =
= \ —— Ueny=0.65W/m’K | 8 15 5
T 1501 164.04 kKW - o
g 150 \\ — Ugp=030W/mxK | & 60
[} - 1 1}
° 125.75 kW 5 <
ﬁ 100 < 801 -.5
© r40 o
- S 60 &
50 £ =
< 404 2
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0 . - . : - = - <C
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Duration [hours]

FIGURE 6.1: HLDCs for different values of Ugpy.

Figure 6.1 shows that the U-value of the building envelope has a large impact on
the heat demand. The U-value is a measure for the heat losses that occur due to
a temperature difference between the inside and outside environment. The larger
the U-value, the larger these losses, and thus the larger the peak heat demand
and the total annual heat demand. It is clear that improving the insulation of a
certain building can significantly reduce its heat demand, and thus the amount of
CO9 emissions. The values of T'D in Table 6.2 show that thermal discomfort varies
between 246.3 degree h and 74.7 degree h. The difference between them thus is quite
significant. However, in each case, thermal discomfort remains acceptable, as the
maximal annual thermal discomfort for one zone is only 48.0 degree h (zone 4 in the
case of Uepp = 1.50 %) Also in the results presented in the following sections,
annual thermal discomfort levels consistently remain at acceptable levels. The reason
for this is that the nominal output of the heat emission system is calculated according
to the design heat losses, as explained in Section 4.5.2.

For every value of Uenw, the CO9 emission reduction is achieved by installing a
heat pump that leads to a coverage ratio of approximately 31%. The value of Py, / Pyo;
is approximately 11% for the three cases with highest Up,,, and approximately 13% for
the two cases with lowest U,,. This can be explained by the fact that a lower Ueno
leads to the peak heat demand becoming smaller relative to the average heat demand.
This can be seen in Figure 6.1, where the tail of the HLDC is less pronounced for
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6.2. Window-to-wall ratio

Uenv [=2%] 2.00 1.50 1.00 0.65 0.30
Enear [MWh/year] 182.1 138.3 88.0 52.7 33.8
Qpear [kW] 243.1 2064  180.8  153.0 118.1
Pyoi [KW] 244 207 181 153 119
TD [(degree h)/year]  202.7 246.3 166.3 74.7 92.4
Py, [kW] 28 24 20 20 16
Php/ Proi [%] 11.5%  11.6%  11.0%  13.1%  13.4%
Eheat hp/ Eneat [%] 30.2%  31.3%  31.7%  31.4%  30.9%
Can,tot [€/year] 17010 13503 9384 6580 4811
ACan,tot [%] +18.7%  +23.4% +33.9% +57.2% +76.6%
CE [tCO2/year] 38.2 28.8 18.3 11.0 7.1
ACE [%)] —25%  —-25%  —-25% = —-25% = —25%
Cacr [€/tCOy] 212 266 390 656 888

TABLE 6.2: Results for various building envelope U-values.

the lower values of Usy,. Thus, a relatively higher heat pump capacity is needed to
achieve the same coverage ratio. The ratios of the average heat demand to the peak
heat demand are, in order of decreasing Uepny: 3.1%, 3.7%, 5.2%, 6.8% and 7.5%.

The results of the nPro optimisation again demonstrate that, in all cases, the
installation of an ASHP in order to achieve a CO9 emission reduction will come at a
certain cost compared to the baseline scenario. This cost per tonne of CO2 emission
reduction Cacg increases as the U-value of the building envelope decreases. This is
due to the fact that the baseline scenario’s Cg, tor mainly consists of the energy cost,
which is low if the heat demand is low. As a result, the investment cost of the heat
pump, in relative terms, has a bigger impact on the new Cyy, tor. The same reasoning
can be applied if the school building considering a hybrid heating system is larger, as
there will also be a larger heat demand. The more floor area a school building has,
the lower Cac g will be. This was also observed in the real-life case of Chapter 3,
where the heat demand was an order of magnitude larger than that of the modelled
‘average’ Flemish school building, even resulting in a negative Cacg.

6.2 Window-to-wall ratio

The second investigated building parameter is the window-to-wall ratio WW R. The
dynamic simulation of the Modelica school building model is repeated with five
different values of WW R, based on the findings of Section 4.2.2. The resulting
HLDCs and values of the total annual heat demand are shown in Figure 6.2. The
resulting annual heat demand profiles are used as input for the nPro tool, which
conducts a hybrid heating system optimisation for each case. All relevant results are
shown in Table 6.3.

First, it should be noted that a change in WWR will also result in a change
in Uegpy. The U-value of the windows is higher than the U-value of the external

walls, so when the WWR is increased, U,,, also increases, and thus the amount
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6. THE IMPACT OF THE RELEVANT BUILDING PARAMETERS
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FIGURE 6.2: HLDCs for different values of WW R.

of transmission losses increases. However, increasing the WWR  also increases the
solar gains. These two effects counteract each other. Consequently, the impact of

Annual specific heat demand [kWh/m?2]

modifying the WWR on the heat demand is lower than that of directly modifying

Ueny. Given that the total annual heat demand is highest for the lowest value of
WW R, it can be concluded that, for the assumed U-values, the reduction in solar
gains exceeds the decrease in transmission losses. However, the peak heat demand is
lowest for the lowest value of WW R, as this peak heat demand typically occurs on a

winter morning, when there is little or no sunlight.

WWR [%] 20% 25% 30% 35% 40%
Ehear [MWh/year] 93.5 90.3 88.0 86.3 85.0
Opear [KW] 1741 177.3  180.8  180.1  184.6
Pyoi kW] 175 178 181 181 185
TD [(degree h)/year]  243.1 197.5 166.3 143.8 125.4
Pryp [KW] 20 20 20 20 20
Prp/ Pooi (%] 11.4%  11.2%  11.0%  11.0%  10.8%
Ehecat hp/Eneat (%) 31.6% 31.3% 31.7% 31.5% 31.5%
Can,tot [€/year] 9739 9542 9384 9254 9167
ACan ot [70] +31.2% +33.6% +33.9% +34.8% +36.2%
CE [tCOg/year] 194 18.8 18.3 18.0 17.7
ACE (%) —95%  —25%  —25%  —25%  —25%
Cacr [€/tCO,] 358 382 390 398 413

TABLE 6.3: Results for various window-to-wall ratios.

Table 6.3 shows that the WWR has little impact on the results of the nPro hybrid
heating system optimisation. In each case, a heat pump with a nominal thermal

capacity of 20 kW is to be installed in order to achieve an emission reduction of 25%.

Again, if the total annual heat demand is higher, Cacg is lower.
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6.3. Building airtightness

6.3 Building airtightness

The third investigated building parameter is the airtightness of the building, repre-
sented by the nb0 value. The dynamic simulation of the Modelica school building
model is repeated with five different values of n50, based on the findings of Sec-
tion 4.2.5. The resulting HLDCs and values of the total annual heat demand are
shown in Figure 6.3. Again, the resulting annual heat demand profiles are used as
input for the nPro tool, which conducts a hybrid heating system optimisation for
each case. All relevant results are shown in Table 6.4.

105 ] 160.0 &
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FIGURE 6.3: HLDCs for different values of n50.

Figure 6.3 shows what is expected: the greatest annual heat demand and the
highest peak heat demand occur when the infiltration rate is highest. A higher value
of n50 means more infiltration losses. However, the impact of n50 is smaller than
the impact of Uv.nv, as the amount of infiltration losses is lower than the amount of
transmission losses.

n50 [h=1 7.0 6.0 4.5 3.0 2.0
Ehear [MWh/year] 101.0 95.7 88.0 80.3 75.2
Qpeak kW] 187.6 181.8 180.8 175.1 171.3
Pyoi [kW)] 188 182 181 176 172
TD [(degree h)/year]  203.2 190.3 166.3 145.0 130.3
Py [kW] 24 24 20 20 20
Prp/ Pooi (%] 128%  13.2%  11.0%  11.4%  11.6%
Eheat,hp/ Eneat (%) 31.4%  311%  31.7%  31.5%  31.2%
Can,tot [€/year] 10539 10115 9384 8760 8357
ACan,tot [%] +31.9% +33.7% +33.9% +37.5% +40.5%
CE [tCO3/year] 21.0 20.0 18.3 16.7 15.7
ACE [%] -25%  —25%  —25% @ —25% = —25%
Cacr [€/tCO,] 364 383 390 428 461

TABLE 6.4: Results for various airtightness values.
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Table 6.4 again shows that Cacp decreases for increasing heat demand. Addi-
tionally, a similar observation can be made as in the investigation of the impact of
Uepy. If the investigated building has more infiltration losses (higher n50), the ratio
of average heat demand to peak heat demand becomes larger. The ratios of the
average heat demand to the peak heat demand are, in order of increasing n50: 4.6%,
4.9%, 5.2, 5.5% and 5.6%. This explains why the capacity ratio Pp;,/ Py is higher

for the two cases with the highest value of n50.

6.4 Building orientation

The final investigated building parameter is the building orientation, represented
by the parameter vg,o,¢, which is the orientation of the front facade of the school
building. The dynamic simulation of the Modelica school building model is repeated
for eight different building orientations. The resulting HLDCs and values of the
total annual heat demand are shown in Figure 6.4. Again, the resulting annual heat
demand profiles are used as input for the nPro tool, which conducts a hybrid heating
system optimisation for each case. All relevant results are shown in Table 6.5.

The floor plan of the modelled school building was shown in Figure 4.1. The
building is rectangular, the front facade being one of the long sides of the building.
The windows are not evenly distributed over the entire building envelope: when
WW R = 30%, the front facade has 46.0% of the total window area, the back facade
40.8%, the left facade 8.8% and the right fagade 4.4%.

Building orientation can have an impact on two things: on the solar gains because
of the sun’s path throughout the day, and on the infiltration losses if there is a
prevalent wind direction. However, in the Modelica school building model, infiltration
losses are assumed to be constant and not affected by wind conditions.
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FIGURE 6.4: HLDCs for different values of vfyons-
Figure 6.4 illustrates that building orientation has a minimal impact on the peak
heat demand. This can be attributed to the fact that the peak heat demand typically

occurs on a winter morning, when sunrise has not occurred yet. The impact of
building orientation on total heat demand is also rather limited, but not negligible.
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6.5. Conclusion

Total heat demand is highest for the east, northeast, southwest and west cases. These
cases have in common that one of the short fagades of the building is pointed to
the southeast or the south, which means that the amount of solar gains before and
during noon is lower than if the long facade would be pointed to the southeast or
south. This aspect becomes more clear in Figure 6.5, where the HLDCs are plotted
relative to the average HLDC of the eight cases.

—— Yront = 0° (south)
Yrront = 45° (southwest)

—— Yront = 90° (west)

—— ¥font = 135° (northwest)
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Heat demand relative to
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FIGURE 6.5: HLDCs for different values of v, relative to the average HLDC of
the eight cases.

Figure 6.5 illustrates that the average heat demand is higher for the east, northeast,
southwest and west cases, although the peak demands of the eight cases do not differ
much. The fact that the heat demand for the southwest and northeast case (and
for the north and south case, and for the east and west case, etc.) are not equal is
caused by the asymmetry of the modelled school building and its windows.

The previous observation is also reflected in Table 6.5. For the east, northeast,
southwest and west cases, a heat pump of 24 kW is needed to achieve an emission
reduction of 25%, while for the other cases a heat pump of 20 kW suffices. Again
this can be explained by the average heat demand being higher relative to the peak
heat demand for these cases. This higher heat pump capacity leads to higher values
of Can,tot and ACqyp ot The varying values of T'D in Table 6.5 can be explained by
the fact that solar gains are not taken into account when the nominal output of the
heat emission system is calculated.

6.5 Conclusion

This chapter covered the second part of SQ3 (see Section 1.2). The impact of different
building parameters on heat demand and optimal hybrid heating system size was
investigated, which mainly revealed that an increase in heat demand leads to lower
values of ACqyp 1ot and Cacp. Also, when the ratio of average heat demand to peak
heat demand becomes larger, a higher capacity of heat pump will be required to
achieve a certain coverage ratio. This was the case for low values of Uem,, for high
values of n50 and for the cases in which one of the short fagades of the building is
pointed to the southeast or south.
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Vfront 0° 45° 90° 135° 180° 225° 270° 315°
Eheat [Nort'] 89.5 93.8 92.6 88.0 88.1 94.4 94.5 90.4
Qpear [KW] 1770  180.7 1753 180.8 1776  177.7  179.3  179.3
Pyoi [KW] 177 181 176 181 178 178 180 180
TD [(degree h)/year] 2985 ~ 2761 2081  166.3  163.7  233.0 2827  305.6
Phy [KW] 20 24 24 20 20 24 24 20
Php/ Pooi [%0)] 11.3%  13.3%  13.6%  11.0%  11.2%  13.5%  13.3%  11.1%
Eneat.np/ Eneat [%)] 31.5%  31.5%  31.2%  31.7%  31.7%  31.2%  31.4%  31.4%
Coan.tot [€/year] 9391 9974 9950 9384 9342 10062 10083 9523
ACan,tor [%)] +32.8% +34.3% +35.3% +33.9% +33.4% +34.3% +34.5% +33.3%
CE [tCO,/year] 18.6 19.5 19.3 18.3 18.3 19.7 19.7 18.8
ACE [%) -25%  —25%  —25%  —25% @ —25% @ —25% @ —25% = —25%
Cace [€/tCO,] 374 392 404 390 383 392 395 379

TABLE 6.5: Results for various building orientations.

9

SHHLANVYVd DNIATING LNVAHTHY HHL 40 LOVJINI HHJ,



Chapter 7

The impact of optimal control

In this chapter, an exploratory investigation of the impact of optimal control (OC)
on heat demand and hybrid heating system size is conducted, which is the subject of
SQ4. First, the optimisation model and the definition of the optimisation problem
is presented in Section 7.1. Then, in Section 7.2, OC is applied to the heating
system which is currently present in most school buildings: a gas-fired heating system
consisting of a natural gas boiler. In Section 7.3, OC is applied to different hybrid
heating system configurations.

7.1 Optimisation model and settings

As mentioned in Chapter 2, TACO [17] is used in this chapter. It is capable of
translating an optimal control problem (i.e. the combination of a Modelica building
and heating system model, an objective function and constraints) into an optimisation
problem, which it then solves.

The Modelica school building model that is used is the same as the one described
in Chapter 4 and used in Chapters 5 and 6. Four different heating system models
are created: one model of the current gas-fired heating system, and three models of
possible hybrid heating systems (series configuration, parallel configuration with a
three-way valve and parallel configuration with two two-way valves).

The Modelica model for the gas-fired heating system is shown in Figure C.1,
which can be found in Section C.1 of Appendix C. It is a slight adaptation of the
heating system described in Section 4.5: the TRVs are changed into controllable
valves, the heating curve is removed because supply temperature also becomes a
control variable, and the 18 different pumps (one for each zone) are changed into
one circulation pump, as using these different pumps led to flow reversal issues in
the optimisation. In total, there are 19 optimisation variables: the opening degrees
of each of the 18 radiator valves, and the water supply temperature at the outlet
of the boiler. The nominal capacity of the boiler is set to 160 kW, the sum of the
design heat loads of each zone. For all TACO optimisations, the time step is set to
one hour.
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7. THE IMPACT OF OPTIMAL CONTROL

The Modelica models for the different hybrid heating systems are shown in
Figures C.2, C.3 and C.4, in Section C.1 of Appendix C. The model equations for
the TACO heat pump model are explained in Section C.2 of Appendix C. For the
series configuration, a heat pump with a nominal capacity of 20 kW is placed at
the inlet of the gas boiler. A capacity of 20 kW corresponds to a capacity ratio of
12.5%, which was approximately the average value of this parameter in the results of
the nPro optimisations of Chapters 5 and 6. There are 20 optimisation variables:
the 18 valves, the supply temperature of the gas boiler, and the modulation of
the heat pump. For the parallel configuration, two variations are modelled: one
where the inlets of the 20 kW heat pump and the gas boiler are connected using
a controllable three-way valve, and one where the inlets are connected using two
separate, controllable two-way valves. With the three-way valve, this gives one extra
optimisation variable, with the two-way valves this gives two extra optimisation
variables.

The optimal control problem that TACO translates into an optimisation problem
is similar to the one described by Jansen et al. [78]:

At 18
min / " Tene®) + 3" wpsi(t)? ) dt (7.1)
o(t) Jo el

s.t. model equations,
st — s(t) < Tini(t), k=1...18,

in,k

sp(t) >0, k=1...18,

where o(t) are the continuous optimisation variables of the system and At is the
prediction horizon. This prediction horizon is chosen to be one year. The first term
of the objective integrand, Jepne(t), represents the energy cost objective, which differs
between the gas-fired heating system case (Equation 7.2) and the hybrid heating
system case (Equation 7.3).
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The energy objective represents the cost per hour (in 1073 %) of electricity and
gas usage. A time step of one hour is considered, so the integration yields a value in
10~3 €. Again, a constant electricity cost of 0.20 1<V€Th and a constant natural gas cost
of 0.07 k\f,—h are assumed. The second term of the objective integrand is the thermal
comfort objective for each of the 18 zones. In this term, wy is a weighting factor for
the soft constraint, and s is the slack variable, which is penalised quadratically. The
weighting factor wy, is set to either 100 %, 500 % or 1000 % based on the heat
demand of each zone k, in order to ensure that the optimisation is well-conditioned
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7.2. Optimal control of gas-fired heating system

and to achieve a similar level of thermal comfort as in the rule-based control (RBC)
model. The optimisation tolerance is set to 1073, The efficiency of the gas boiler
Mpoi depends on the supply and return temperature, its definition is based on the
efficiency curves found in [79]. The COP of the heat pump component depends on
the ambient temperature and the supply temperature, it is calculated based on the
COP curves that were also used in the nPro calculations (Figure A.8).

7.2 Optimal control of gas-fired heating system

Figure 7.1 illustrates two HLDCs for the case of a gas-fired heating system, which
is the typical configuration in Flemish schools. One HLDC is for the case of the
RBC strategy, as described in Section 4.5.5. The other HLDC is for the case of
OC. In the case of RBC, the total annual heat demand is 88.26 MWh, while in
the case of OC it is 72.21 MWh, a reduction of 18%. The peak heat demands are
185.32 kW (hourly averaged 171.90 kW) and 155.90 kW, respectively. The annual
thermal discomfort, as defined in Section 4.5.6, is 157.0 degree h for the RBC case
and 209.9 degree h for the OC case. However, in the OC case, thermal discomfort is
more evenly distributed over time, with the zone temperature for example remaining
0.2°C below the setpoint throughout the entire day. In contrast, in the RBC case,
this thermal discomfort is concentrated in the mornings, where the zone temperature
can for example still be 2°C below the setpoint temperature when the occupants
arrive. It is also important to recall that the setpoint temperature is increased
one and a half hour before the school building is occupied, while the calculation of
thermal discomfort only considers the occupied periods of each zone. It can thus
be assumed that the thermal discomfort experienced by occupants is comparable in
both cases, or perhaps even worse in the case of RBC.
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FicURrE 7.1: HLDCs for two different control strategies of a gas-fired heating system.

Reasons for the reduction in total annual heat demand and peak heat demand
can be observed in Figures 7.2 and 7.3. The former shows the total heat demand
for an eight-day period in February. It should first be noted that the results of the
dynamic simulation in Modelica (i.e. the RBC case) have a resolution of five minutes.
The results of TACO (i.e. the OC case) have a resolution of one hour. This provides
a partial explanation for the more smooth demand profile and the lower peak demand
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7. THE IMPACT OF OPTIMAL CONTROL

of the TACO results. Another reason for the smooth demand profile of days 47 and
48 is the fact that with RBC, the pumps are controlled using an on/off-strategy with
a certain hysteresis. With OC, there is no hysteresis. It should also be noted that in
the RBC model of the gas-fired heating system, described in Section 4.5, the model
for the natural gas boiler has an unlimited capacity. In the OC model, the gas boiler
capacity is set to the sum of the design heat loads of each heated zone, which is
160 kW. A second explanation for the lower peak demand in the case of OC is the
fact that the boiler already starts working before the temperature setpoint increases.
This can be seen in the heat demand profile of Figure 7.2, but even better in the
profile of the temperature and heat demand of zone 13, shown in Figure 7.3.
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FiGure 7.2: Comparison of the total heat demand, for an eight-day period, using
RBC and OC.
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FiGUuRrE 7.3: Comparison of the temperature of zone 13 and the delivered heat in
zone 13, for an eight-day period, using RBC and OC.

In summary, the implementation of an OC strategy in a gas-fired heating system
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7.3. Optimal control of hybrid heating system

can result in a reduction of the total annual heat demand, consequently leading to
a decline in the total annual energy cost and the annual amount of COg emissions,
while maintaining or increasing thermal comfort. It is also possible to (slightly)
reduce the peak heat demand by starting the heating of the building at an earlier
point in time.

7.3 Optimal control of hybrid heating system

7.3.1 Series configuration

Figure 7.4 shows the annual heat demand profile and HLDC for the optimal control
of a 160 kW natural gas boiler and a 20 kW heat pump in series. It should be noted
that the nominal thermal capacity of a heat pump in TACO is defined in a different
manner than it was in nPro (see Section 5.4). In nPro, the nominal thermal capacity
of this heat pump would be 27.4 kW, resulting in a heat pump capacity ratio of 17.0%.
With optimal control, this leads to a coverage ratio of 66.6%, whereas in Chapters 5
and 6, the coverage ratio was consistently around 30% for a heat pump capacity
ratio between 10% and 15%. In the case of optimal control of the gas-fired heating
system, the annual heat demand was 72.2 MWh. Now, annual heat demand equals
89.75 MWh. The red curve in Figure 7.4 shows that the ‘base’ heat demand has
significantly increased compared to the case of the gas-fired heating system. However,
because the cost of electricity per kWh is lower than the cost of natural gas, the
annual energy cost decreases from €5 622 to €4977. When assuming an electricity
cost of 0.20 ﬁ, a natural gas cost of 0.07 ﬁ, and a constant boiler efficiency
of 90%, heating using the heat pump is cheaper than heating using the boiler if
% m < 8(‘)—9770 m, so if COP > % = 2.6. Annual COs emissions
decrease from 20.01 tonnes for the gas-fired heating system case to 10.33 tonnes for
the series hybrid heating system case.

Figure 7.5 shows the change in heat demand profile between the case of the
gas-fired heating system and the case of the series hybrid heating system. The
heat pump is employed to its full capacity throughout the nights between weekdays,
thus preventing the school building from cooling down to the same extent as in the
previous case. Consequently, the peak in heat demand in the morning is reduced.
When Friday is over, the heat pump does lower its output, but it increases again the
more the weekend progresses, starting to heat up the building for Monday.

Annual thermal discomfort is 109.3 degree h, so better than the 209.9 degree h

for the case of the gas-fired heating system.

7.3.2 Parallel configuration
Parallel configuration with two two-way valves

For the parallel configuration, results are very similar. In the case of two two-way
valves, the annual heat demand is 91.26 MWh. The coverage ratio is 65.6%, so
slightly lower than in the case of the series configuration. The annual energy cost is
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FIGURE 7.4: Results for optimal control of a series hybrid heating system consisting
of a natural gas boiler of 160 kW and a heat pump of 20 kW.
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FI1GURE 7.5: Heat demand profile, for an eight-day period, of optimal control of
gas-fired heating system and optimal control of series hybrid heating system.

€5073 and the annual amount of CO9 emissions is 10.67 tonnes. Annual thermal
discomfort is 98.8 degree h. Figure C.5 shows the annual heat demand profile and
HLDC, and Figure C.6 shows the heat demand profile for an eight-day period. Both
figures can be found in Section C.3 of Appendix C.

Parallel configuration with one three-way valve

In the case of one three-way valve, the annual heat demand is 90.15 MWh. The
coverage ratio is 66.0%, so also slightly lower than in the case of the series configu-
ration. The annual energy cost is €5 013 and the annual amount of COg emissions
is 10.55 tonnes. Annual thermal discomfort is 111.0 degree h. The slightly lower
energy cost is thus compensated by a slightly higher thermal discomfort. Again,
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7.4. Conclusion

in Section C.3 of Appendix C, Figures C.7 and C.8 show the same plots as for the
previous configurations.

It can thus be concluded that, when optimally controlled, there is little difference
between the three investigated configurations of hybrid heating systems.

7.4 Conclusion

This chapter investigated the impact of optimal control on heat demand and optimal
hybrid heating system size, which was the subject of SQ4 (see Section 1.2). The
findings of this chapter demonstrated that optimising the control strategy of a gas-
fired heating system can have a significant impact on total annual heat demand,
which in turn affects the annual energy cost and annual COq emissions. Furthermore,
optimising the control of a hybrid heating system can result in a significant increase
in the coverage ratio of the heat pump, while maintaining thermal comfort. This
implies that, when a hybrid heating system is being considered, the heat pump can
be sized smaller if optimal control will be implemented, for instance in the form
of MPC, while still achieving the desired COs emission reduction. The results for
the different investigated configurations of hybrid heating systems were found to be
highly comparable.
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Chapter 8

Recommendations for schools

Based on the findings and conclusions of the research conducted in the previous
chapters, it is now possible to formulate some general recommendations for schools
seeking to reduce their carbon footprint through the implementation of a hybrid
heating system.

The first finding is the fact that schools can achieve the 2030 emission target
for non-residential buildings (emission reduction of approximately 25% compared to
2021, see Table 1.1) through the implementation of a heat pump with a relatively
small capacity compared to the peak heat demand, and operating it alongside the
existing natural gas boiler, thereby creating a hybrid heating system. This emission
reduction is thus achieved without the necessity for immediate additional measures
such as improving insulation levels or installing underfloor heating, which would be
required if the new heating system consisted solely of a heat pump.

An air-source heat pump is a suitable option in this context given its lower
initial investment cost and minimal locational and infrastructural requirements in
comparison to a ground-source heat pump. Especially the aspect of cost is important
as schools often have only limited budgets available. The installation of a heat pump
reduces the annual energy cost, but an initial investment is always required. Schools
do have the possibility to apply for a subsidy in the case of the installation of a
hybrid (air-source) heat pump!.

It should however be noted that, if practically feasible and if the available budget
is high enough, a ground-source heat pump is also worth considering if a significant
CO4 emission reduction is desired, for example more than 50%. This type of heat
pump can achieve higher average COP values, particularly during the coldest periods
of the year, when heat demand is highest. Especially when a school is large and has
a high heat demand, the initial investment will be paid back at a relatively faster
rate, as the annual energy cost is reduced more.

If historical annual heat demand profiles are available, for example because of
the presence of a digital natural gas meter, a planning tool such as nPro can be used

fThis subsidy can range from €1 500 to €31 250, depending on heat pump capacity and date of
request. For more information, see: https://www.vlaanderen.be/premies-voor-renovatie/mij
n-verbouwpremie/mijn-verbouwpremie-voor-warmtepomp.
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8. RECOMMENDATIONS FOR SCHOOLS

to estimate the impact of installing a heat pump of a given capacity on energy costs
and CO9 emissions. A design decision can then be made based on the criteria most
important to the school, such as minimum investment cost or minimum total annual
cost.

If annual heat demand profiles are not available, which is the case in most schools,
peak heat demand is a good indicator for the sizing of the heat pump component in
a hybrid heating system. Selecting an air-source heat pump with a nominal capacity
between 10% and 20% of this peak demand is likely to result in achieving a reduction
of CO9 emissions of 25%. If the school building has a well-insulated building envelope
(low Uem,), or if it has average insulation levels but high infiltration rates, or if due
to building orientation the amount of solar gains is limited, it would be advisable to
select the capacity of the heat pump slightly higher. If no information is available
regarding the peak heat demand, sizing is more difficult. Tools like nPro might
underestimate peak demands or would require input data that are not available
to achieve accurate results. Peak heat demand can be calculated by conducting a
dynamic building simulation, but this can be very complex and costly. However, an
estimation of peak heat demand can always happen based on the currently installed
heating capacity.

When an optimised control strategy is adopted in the new hybrid heating system,
the achieved COg2 emission reduction for a given heat pump capacity can increase
significantly, or a smaller heat pump can be installed to achieve the same emission
reduction. By optimising the control of the heating system, the annual energy cost can
also be significantly reduced. The impact of the configuration of the hybrid heating
system on its overall performance is minimal when optimal control is implemented.

In particular when the currently installed natural gas boiler is in good condition
and for example minor improvements can extend its lifetime, the adoption of an
air-source heat pump can be the ideal transition towards further low-carbon or even
carbon neutral heating in the future. The installation of a relatively small heat pump
now allows for the implementation of different energy-saving measures, which always
come with a certain cost, to be spread out in time. This is advantageous given the
limited budgets that are typical of schools.

If the currently installed heating system still uses heating oil, which emits more
CO; than natural gas, and requires replacement, or if the current natural gas boiler
has reached the end of its lifetime, opting for a hybrid heating system will be relatively
cheaper compared to the baseline scenario than when the currently installed heating
system can continue to be used. So, if the current heating system needs to be
replaced, a hybrid heating system is even more worth considering. The new natural
gas boiler can be sized smaller than the previous one, but not significantly so, as the
peak heat demand typically occurs during the coldest period of the year, when the
COP of the heat pump is low.

It was mentioned before that different energy-saving measures can be implemented
in the years following the installation of the hybrid heating system. These measures
can for example be the improvement of insulation levels or the reduction of unwanted
air infiltration. Especially the first one has a significant impact on overall heat
demand. Another option would be the implementation of optimal control, which can
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significantly impact heat demand and make that all technologies are used at their
optimal efficiency. The implementation of these energy-saving measures results in
a reduction of the demand for heat and thus in a reduction of COs emissions and
energy cost. Additionally, these measures increase the coverage ratio of the installed
heat pump.
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Chapter 9

Conclusion

The main goal of this thesis was to investigate how heat pumps can be integrated
into the fossil-fuel based heating system of typical Flemish school buildings to achieve
a cost-effective CO4 reduction, while maintaining thermal comfort. The introductory
chapter outlined the significant potential for increasing the share of renewable energy
in Flemish school buildings. However, it also highlighted the challenges faced by
schools due to budget constraints and aging infrastructure. The implementation of a
hybrid heating system, which combines a heat pump with a fossil fuel-based heating
system, is proposed as a cost-effective and feasible solution. However, an important
aspect of hybrid heating systems is the sizing of the heat pump component.

First, the parameters that influence the heat demand of typical Flemish school
buildings were identified. These parameters were then taken into account in the
analysis of this heat demand and its impact on optimal hybrid heating system size.
The most important parameters were the U-values of the building envelope, the
window-to-wall ratio, the building’s airtightness and the building’s orientation. The
findings of the literature research also indicated that an air-source heat pump may
be the optimal choice for schools considering a hybrid heating system, due to the
fact that it has a lower investment cost and less stringent locational requirements.

Next, nPro was presented, which is a web-based planning tool allowing to design
energy systems for buildings and evaluate them from a techno-economic perspective.
This tool was tested on a real-life case of a school building: building D of the Campus
Proximus site of UCLL. The application of nPro to this case led to several findings
regarding the limitations and assumptions of the tool. These aspects were then taken
into account in the further investigation, where nPro was used to conduct different
hybrid heating system optimisations.

These hybrid heating system optimisations were conducted using annual heat
demand profiles that resulted from dynamic simulations of a Modelica building model
of a representative Flemish school building. The optimisations showed that, for the
modelled school building, achieving a certain CO2 emission reduction by means of a
hybrid heating system always entails a certain cost compared to the baseline scenario.
Because of this, the nPro optimisation will always lead to the hybrid heating system
capable of reaching the imposed minimum CQOs emission reduction, but not exceeding
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it. It also became clear that achieving a 25% emission reduction is feasible with a
relatively small heat pump. The investigation of the impact of the relevant building
parameters showed that an increase in heat demand leads to lower values of the
increase in total annual cost compared to the baseline scenario and cost per tonne of
COg3 emission. It was also found that a higher capacity of heat pump relative to the
peak heat demand is needed to achieve a certain coverage ratio, for low values of
Ueny, for high values of n50 and for the cases in which one of the short fagades of
the school building is pointed to the southeast or south.

The last part of the investigation focused on the aspect of optimal control.
Optimisations conducted by means of TACO demonstrated that optimising the
control strategy of a heating system can have a significant positive impact on total
annual heat demand, which in turn affects annual energy cost and annual COq
emissions positively. For hybrid heating systems specifically, optimal control leads to
a higher coverage ratio, while maintaining thermal comfort. It also became clear that
in terms of performance, there is little variation between the different configurations
of hybrid heating systems when an optimal control strategy is employed.

Finally, general recommendations for schools seeking to reduce their carbon
footprint through the implementation of a hybrid heating system were formulated.
Schools can achieve the 2030 emission targets by implementing a hybrid heating
system with an air-source heat pump sized between 10% and 20% of peak heat demand,
alongside the existing natural gas boiler. This approach significantly reduces COq
emissions without the need of immediate costly insulation upgrades. The system is
cost-effective for schools with limited budgets, and subsidies are available to offset
initial investments. This allows schools to spread energy-saving measures in time,
paving the way for carbon neutrality in space heating by 2050.

Suggestions for future research

A topic not fully explored in this thesis is the impact of two accessible technologies
that might be beneficial for the operation of the hybrid heating system: thermal
energy storage and solar panels. The installation of a thermal energy storage system
in the form of a hot water tank may result in a larger reduction of annual energy
costs or an even larger decrease in COgy emissions due to a higher coverage ratio.
Similarly, solar panels may be beneficial in certain cases because they provide free
and green electricity after installation.

However, the aspect dealt with in this thesis having the most possibilities regarding
further research, is optimal control. While constant energy prices were assumed in
this thesis, in reality, energy prices fluctuate. By employing optimal control, it is
possible to adapt the control strategy based on these variable energy prices, thereby
reducing the annual energy cost. Furthermore, the practicalities of implementing
an optimal control strategy in a school’s hybrid heating system require further
investigation. One of the conclusions of the investigation into optimal control was
that it allows the heat pump in a hybrid heating system to be sized smaller, while
still achieving the same COy emission reduction. However, the exact reduction in
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heat pump capacity that leads to the same emission reduction was not determined.
This can be investigated by conducting more optimisations using TACO, for different
heat pump sizes.

This thesis also showed how schools can pave the way to carbon neutrality in
space heating by 2050. However, the most cost-effective system design to achieve

this goal of carbon neutrality in 2050 was not addressed, leaving room for further
investigation.
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Appendix A

nPro [10]

A.1 Screenshots

A.1.1 Literature research
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FiGURE A.1: Adapting standard daily load profiles.
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A.1.2 Testing the nPro tool
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FI1GURE A.5: Original (default) normalised day profile of heat demand in school
buildings.
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F1GURE A.6: Newly defined normalised day profile of heat demand in school
buildings.
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FIGURE A.7: All enabled technologies for the case of building D of UCLL Campus
Proximus.

A.2 Input parameters

A.2.1 Gas boiler

For the thermal efficiency, a typical value of 90% is assumed [30]. Only a constant
efficiency can be modelled in nPro. The fuel type is set to natural gas.

A.2.2 Air-source heat pump

The COP of the air-source heat pump is calculated based on the COP curves of the
‘Carrier 30 AW (ASHP)’ heat pump type in nPro, shown in Figure A.8.
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—— 45°C
55°C
4
/ 60 °C
o 2
0 3
0]
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20 —10 1] 10 20

Temperature of heat source (°C)

F1GURE A.8: COP curves for ‘Carrier 30 AW (ASHP)’ as defined in nPro [10].
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A.2.3 Ground-source heat pump

The COP of the ground-source heat pump is calculated based on the COP curves of
the ‘Carrier 30 WG (water/brine)’ heat pump type in nPro, shown in Figure A.9.
The extraction temperature is assumed to be 10°C [31].

—25°C
35°C
45°C
55°C
4 ——65°C

copr

6 8 10

Temperature of heat source (°C)

FIGURE A.9: COP curves for ‘Carrier 30 WG (water/brine)’ as defined in nPro [16].

A.2.4 Solar panels

The tilt angle is set to 30°, which is the default value of nPro. As the peak heat
demand typically happens before noon, having southeast-facing solar panels will
maximise self-sufficiency. Therefore, the azimuth is set to —45°. The module type is
set to ‘Monocrystalline’, which makes that the module efficiency equals 21% and the
temperature coefficient 0.36 % The default values of nPro for inverter efficiency
and system losses are 97% and 14% respectively.

A.2.5 Heat storage

Standby heat losses are assumed to be 20% per five days. The temperature difference
between a fully charged and a fully discharged storage is 20 K. Both are default
values of nPro.

A.2.6 Solar thermal collectors

Tilt angle and azimuth are set to 30° and —45° respectively, as for the solar panels.
The collector type is set to ‘Flat-plate collector’. The mean collector temperature is
assumed to be 70°C, which is the default value of nPro.
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Appendix B

The school building model

B.1 Model validation

As the school building model used in this thesis is based on the building simulation
model described in [37], this paper can assist in validating the model. It is mainly
useful for checking orders of magnitude, given that the models are obviously not
identical. The heat demand for the baseline scenario defined in this paper has a 95%
confidence interval of 49.2 +6.9 mlgvglgar. The baseline scenario defined in this thesis
resulted in a total annual heat demand of 88.3 MWh, which equates to a specific heat
demand of 50.44 mlz‘wgar. This value thus is comparable to the value found in [37].
It should be noted that their baseline scenario assumed an average U-value of the
building envelope lower than the 1.00 % used in the baseline scenario of this thesis.
This, of course, results in a reduction in heat demand. However, this effect may
be compensated for by their assumption of a simple extraction ventilation system,
which leads to an increase in heat demand. Additionally, the authors of [37] assumed
the presence of solar shading, blocking 70% of the solar radiation when it exceeds
250 % This can also lead to a significant increase in heat demand, particularly on
sunny winter days. It is possible that other minor differences exist between both
building models, but it can be concluded that the order of magnitude of the total

heat demand is accurate.

In the case study by Stocker et al. [32], eight primary schools in the Alps were
investigated. The floor area of these schools ranged from 787 m? to 6090 m?, the
window-to-wall ratio from 18% to 42% and the construction period from 1919 to

1990. The specific annual heat demand varied from 68.5 mlg‘vggar for one of the most
kWh

recently constructed buildings to 133.2 for one of the oldest buildings. These

m? year
values are more than the 50.44 mlgwgar of the baseline scenario of the modelled school

building in this thesis. The difference can be attributed to the colder climate in the
Alps, where the amount of heating degree-days typically is between 4 000 and 5 500,
while between between 2 500 and 4000 in Belgium [33].

Figure B.1 illustrates the typical heat demand profile of a week in winter for
the modelled school building. The morning peak in heat demand is clearly visible,
as the setpoint temperature suddenly increases. Furthermore, the heat demand on
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B. THE SCHOOL BUILDING MODEL

Wednesday is lower than on the other weekdays, due to the imposed temperature
setpoint profile. The shape of the daily heat demand profiles is comparable to those
found in [13] and [11]. The small peaks observed during the different nights are
the result of the on/off-strategy employed during unoccupied periods. These peaks
specifically are due to the heating of zone 12 (gym), which is the zone with the
largest external wall area and the only zone whose temperature falls below 14°C in
this specific period.
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FiGure B.1: Typical heat demand during a week in winter.
Figure B.2 shows the average daily heat demand profile. The times of day when

most zones are occupied are shaded. During these times, the heat demand decreases
due to the internal gains from the occupants.
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FIGURE B.2: Average daily heat demand and occupancy schedule.

Figure B.3 presents two two-week temperature profiles of zone 12 (gym), with
the initial zone temperature set to 20°C. The profile of the global horizontal solar
irradiance for the same period is also shown. The school building is oriented so that
the short external wall of zone 12 faces south. In the ‘With windows’ case, the zone
has one window on each external wall. Each window has a height of 1.55 m and a
width equal to 68% of the width of the external wall in which it is located. In the
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B.2. Building architecture

‘Without windows’ case, zone 12 has no windows. The number of occupants is set to
zero in both cases. Initially, the temperature in zone 12 decreases more rapidly in
the ‘With windows’ case, due to the higher U-value of the windows in comparison to
the wall itself. However, during the day, the temperature in zone 12 rises due to the
solar gains. In the ‘Without windows’ case, no solar gains occur.
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Ficure B.3: Temperature profile of zone 12 and global horizontal irradiance.

It can thus be assumed that the effects of internal gains due to occupancy and
solar gains through windows have been modelled correctly.

B.2 Building architecture

General building data

Front facade length 84.00 m
Side fagade length 13.80 m
Zone height 2.80 m
Total floor area 2 052.06 m?
Total heated area 1 751.28 m2
Total building volume 6 491.52 m?
Building envelope surface area

Roof 1 159.20 m?
Floor 1 159.20 m?
External wall 1 095.36 m?
Total 3 413.76 m?
Surface area to volume ratio 0.53 m~!

TABLE B.1: Architectural properties of the modelled school building.

83



B. THE SCHOOL BUILDING MODEL

B.3 Modelica representation of building model
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FIGURE B.4: Graphical Modelica representation of the school building model.
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B.4 Building envelope

Construction  Material per layer Thickness d [cm]
External wall PUR dpUR
Brickwork 14
Plaster finish 1
Internal wall  Plaster finish 1
Brickwork 14
Plaster finish 1
Floor Bitumen 0.2
Heavy concrete 15
PUR dpur
Light concrete 10
Tiles 1
Ceiling Hollow core concrete slab 12
Heavy concrete 4
PUR 3
Chape 10
Tiles 2
Roof Bitumen 0.2
PUR dpur
Light concrete 10
Heavy concrete 15
Plaster finish 1

TABLE B.2: Constructions used in school building model [37].

Density p Thermal Specific heat

Material (ke /m?] conductivity &  capacity ¢

W/mK)]  [J/(kg K)]
PUR 30 0.03 1400
Brickwork 1550 0.54 1000
Plaster finish 1300 0.52 1000
Bitumen 1100 0.23 1000
Heavy concrete 2400 1.70 1000
Light concrete 1050 0.32 1000
Tiles 2300 1.20 840
Hollow core concrete slab 1500 0.92 840
Chape 1000 1.35 840

TABLE B.3: Thermodynamic properties of used materials [37].
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B.5 Occupancy data

B.5.1 Occupancy schedules
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FIGURE B.5: Year, week and day occupancy schedule of zone 1 (canteen).
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FIGURE B.6: Year, week and day occupancy schedule of zone 2 (kitchen).
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B.5. Occupancy data

FIGURE B.7: Year, week and day occupancy schedule of zone 4 (classroom).
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FIGURE B.8: Year, week and day occupancy schedule of zone 9 (teachers’ room).
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FIGURE B.9: Year, week and day occupancy schedule of zone 10 (office).
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FIGURE B.10: Year, week and day occupancy schedule of zones 19 and 20 (hallways).
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B.5.2 Temperature setpoint schedules
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FIGURE B.11: Year, week and day setpoint schedule of zone 10 (office).
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FIGURE B.12: Year, week and day setpoint schedule of zone 12 (gym).
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FIGURE B.13: Year, week and day setpoint schedule of all other zones.
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B.6 Nominal pressure rise of pumps

The calculation of the nominal pressure rise of each pump is shown in Table B.4.
The last column shows the value to which dp_nominal of the pump component in
Modelica is set. It is the sum of a share of the nominal pressure rise of the heater
(APheqnom) and the nominal pressure rise of the corresponding TRV and radiator(s)
(APTRV,nom and AF)rad,nom)-

The total nominal pressure difference over the heater is assumed to be 40 kPa,
which is the typical order of magnitude for larger boilers’. One tenth of this value
(so 4 kPa) is attributed to the nominal pressure rise of each pump, because there
will always be multiple pumps working at the same time.

The nominal pressure drop of each TRV (when fully open) is chosen to be 10 kPa,
also a typical value!.

The nominal pressure drop of one radiator is chosen to be 1.5 kPa, as explained
in [84]. The amount of radiators in each zone is chosen based on the size of the zone.

The parameter dpValve_nominal parameter of each TwoWayTRV component is
set equal to APrgry nom. The dpFixed_nominal parameter is set equal to the sum
of APpeqnom and AP,qq nom. These pressure drops are not defined in the Heater T
and RadiatorEN442_2 components because this could lead to flow reversal issues.

Zone APhea,nom [Pa] A]DTRV,nom [Pa] A1D1”0Ld,nom [Pa] A]Dpum,nom [Pa]

1 4 000 10 000 31500 18 500
2 4 000 10 000 1-1500 15 500
3 4 000 10 000 1-1500 15 500
4 4 000 10 000 2-1 500 17 000
) 4 000 10 000 2-1 500 17 000
6 4 000 10 000 1-1500 15 500
7 4 000 10 000 1-1500 15 500
8 4 000 10 000 1-1500 15 500
9 4 000 10 000 1-1500 15 500
10 4 000 10 000 2-1 500 17 000
11 4 000 10 000 1-1500 15 500
12 4 000 10 000 4-1500 20 000
13 4 000 10 000 4-1500 20 000
14 4 000 10 000 1-1500 15 500
15 4 000 10 000 1-1500 15 500
16 4 000 10 000 2-1 500 17 000
17 4 000 10 000 3-1 500 18 500
18 4 000 10 000 1-1500 15 500

TABLE B.4: Calculation of nominal pressure rise of each pump.

TThis is for example the case for the Fvomod boilers of Ideal Heating Commercial, see: https:
//idealcommercialboilers.com/products/evomod.
tFor example, see: http://brunata.gr/fileadmin/datasheets/UK/UK-QB101162. pdf.
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Appendix C

The impact of optimal control

C.1 Heating system models
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FiGUureE C.1: Modelica heating system model in the case of optimal control of a
gas-fired heating system.
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FiGURE C.2: Modelica heating system model in the case of optimal control of a

series hybrid heating system.
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FiGUurE C.3: Modelica heating system model in the case of optimal control of a

parallel hybrid heating system with two two-way valves.
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C.2. Heat pump model equations
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F1GURE C.4: Modelica heating system model in the case of optimal control of a
parallel hybrid heating system with a three-way valve.

C.2 Heat pump model equations

The equations found in this section are based on the PhD thesis of Filip Jorissen
[85].

Based on the COP curves of Figure A.8, the COP of the heat pump is assumed
to be:

COP(t) =c1+co- (Tcon,out(t) - C3) +cy - (Teva,out(t) - C5)

1 (C.1)

=4-0.08 Teon,out(t) —35°C) — 0.08 ol (Teva,out(t) —2°C),

oc

where Teon, out (t) is the temperature at the outlet of the condenser, and Tty out (t)
is the temperature at the outlet of the evaporator, which is assumed to be 5°C more
than the temperature of the inlet of the evaporator. This COP is used to calculate
the electrical power consumption P,;(t) of the heat pump as:

Pel(t) = 2260;%7 (02)

where Qcon(t) is the heat flow rate at the condenser, so the output of the heat
pump. This heat flow rate depends on different parameters:

Qeon(t) = Meon(t) - ¢p - mod(t) - ATeon mazs (C.3)
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where 170, (t) is the mass flow rate through the condenser, ¢, is the specific heat
capacity of water and mod(t) is the modulation of the heat pump (which always has

a value between zero and one). AT¢on maz is & parameter depending on the nominal
conditions:

Qcon nom
A,Tcon,maac = ’
Mecon * Cp

(C.4)

= Tsup,nom - Tret,nom

con,out,nom Tcon,in,nom-

The nominal mass flow rate through the condenser is set equal to the sum of
the nominal mass flow rates of all radiators in the modelled school building heating
system. In the analysis of Chapter 7, Qcon,nom is always assumed to be 20 kW.

C.3 Optimal control of hybrid heating system
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FIGURE C.5: Results for optimal control of a parallel hybrid heating system (with

two two-way valves) consisting of a natural gas boiler of 160 kW and a heat pump of
20 kW.
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FIGURE C.6: Heat demand profile, for an eight-day period, of optimal control of

gas-fired heating system and optimal control of parallel hybrid heating system (with
two two-way valves).
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FIGURE C.7: Results for optimal control of a parallel hybrid heating system (with

one three-way valve) consisting of a natural gas boiler of 160 kW and a heat pump
of 20 kW.
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FIGURE C.8: Heat demand profile, for an eight-day period, of optimal control of

gas-fired heating system and optimal control of parallel hybrid heating system (with
one three-way valve).
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