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Abstract

Various Collective Heating and Cooling Systems (CHCS) have emerged as promising low-carbon energy solutions for buildings.

However, the absence of tailored decision guidelines often hinders decision-makers from identifying the optimal system for any

given case. This research introduces a novel methodology for comprehensive evaluation of different CHCS under diverse case-

specific boundary conditions, leading to informed recommendations. The proposed methodology integrates occupants’ preferences

for thermal comfort and costs into a holistic Key Performance Indicator (KPI) score, i.e. a weighted sum of normalised indicators

including indoor thermal comfort, domestic hot water comfort, and levelised cost of energy. By applying this methodology to

evaluate three advanced central change-over temperature CHCS across various building sizes and family types, our study demon-

strates the effectiveness of this approach. The results suggest that 4-pipe systems are preferable when prioritising thermal comfort,

whereas decentralised booster heat pumps are recommended for cost reduction. Notably, for small apartment buildings inhabited

by working families, a 2-pipe system with decentralised storage might be preferred. These insights underscore the importance of

incorporating occupants’ preferences into multi-objective decision-making. Furthermore, the holistic KPI score methodology can

assess different control strategies and provide valuable insights for policymakers when extended with additional indicators.

Keywords: Collective heating and cooling, Central change over systems, Heat pump, Electrification, Evaluation framework,

Multi-objective

1. Introduction

Collective heating systems play a crucial role in realising the

2050 climate objectives [1, 2] by facilitating a sustainable en-

ergy supply across multiple energy vectors [3]. These systems

accommodate diverse heat demands, including Space Heating

(SH) and Domestic Hot Water (DHW), for various end-users

through shared production units and extensive distribution net-

works [4]. The substantial reduction in temperature levels in the

recent decades [5, 6] has improved the efficiency of these sys-

tems and enabled the integration of a broader range of renew-

able and low-exergy sources [7], aligning with the key criteria

for energy decarbonisation by 2050 [8].

In the broader context of collective heating, the need to ad-

dress Space Cooling (SC) supply alongside efficient heat sup-

ply has become increasingly evident due to increased insulation

rates and climate change [9, 10]. Certain mitigation strategies,

such as solar shading, have demonstrated potential in mitigat-

ing the increase in building cooling demand. However, it is
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anticipated that building cooling demand will experience sub-

stantial growth by mid of 21st century across various climates:

33% in tropical regions, 89% in arid climates, 288% in cold cli-

mates, and 376% in temperate regions [11]. Specifically, dense

urban areas, influenced by the urban heat island effect, are ex-

periencing a rise in cooling demand [12]. Individual air con-

ditioning units, commonly used in urban areas, reinforce the

heat island effect which highlights the necessity for sustainable

alternatives.

The integration of SC supply within collective heating sys-

tems efficiently addresses both SH and SC demands across var-

ious dwellings [13]. Considering that 78% of residential heat

demand in Europe is concentrated within just 1.4% of the land

area [14], underscores the significant opportunity to implement

collective heating and cooling systems. Thermal systems aim-

ing to fulfill both heating and cooling demands of connected

end-users in residential apartment buildings are hereinafter re-

ferred to as Collective Heating and Cooling Systems (CHCS).

In the drive to optimise CHCS, a myriad of concepts are

available and new ones are being researched. For example,

the aim to reduce distribution temperatures has led to systems

with a distribution temperature control strategy to switch be-

tween different temperature levels, i.e. central change-over sys-

tems [15]. These also include multiple distribution pipes to fa-

cilitate different temperature levels simultaneously or (decen-

tralised) booster systems combined with low central distribu-
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tion temperatures [16, 17]. However, the efficiency of central

change-over CHCS is strongly correlated to the characteristics

of the demand profiles [15]. Therefore, evaluation frameworks

that take account of these factors are required and should be

used to give recommendations to decision-makers and stake-

holders during the selection of a CHCS.

1.1. Assessment Frameworks for Collective Heating and Cool-

ing Systems

For assessing heating networks, Vering et al. [18] recom-

mend a simulation-based evaluation framework. It considers

nonlinear inter-dependencies during operation and facilitates

systems sizing (and control) optimisation. Moreover, it en-

sures an objective evaluation by maintaining consistent bound-

ary conditions when assessing different CHCS concepts at an

early stage. Additionally, these boundary conditions can be

adapted to study their influence on Key Performance Indicators

(KPIs), allowing selection recommendations to be adjusted.

In general, existing simulation-based evaluation frameworks

can be divided into two groups. On the one hand are the eval-

uation frameworks that focus on assessing control strategies.

For example, Blum et al. [19] developed a standardised evalua-

tion framework, named BOPTEST, for different control strate-

gies. Although such a standardised approach is beneficial for

objective comparison of new control methodologies in stan-

dardised concepts [20], it cannot be used for evaluating novel

concepts across different boundary conditions. Jacobs et al.

[15] used an assessment framework to introduce and evaluate

control strategies for grouped charging of decentralised storage

tanks. Although the effects of sizing and control are considered

for a scalable case study, the novel concept is not compared

to other state-of-the-art CHCS for various occupant behaviours

and preferences.

On the other hand are the evaluation frameworks that focus

on evaluating concepts and their designs. For example, Wang

et al. [21] compared different collective cooling concepts in

China. They endorsed that weather conditions are important

in the selection, but their evaluation did not assess the influ-

ence of different building types and user profiles. Benakopou-

los et al. [22] presented a general overview of possible con-

cepts for DHW production with low-temperature DH. Their fo-

cus was on the DHW circulation circuit of 4-pipe systems in an

apartment building, but the effects of occupant behaviour, siz-

ing and building types were not discussed. Debacker et al. [23]

performed a financial evaluation for newly built, single-family

buildings in Belgium. Here the relative importance of different

costs were found to influence the best selection for the heating

and cooling system. Allouhi et al. [24] used a multi-objective

optimisation to determine the most optimal collector area, hot

water tank volume and photovoltaic capacity for a solar power-

to-heat system. In the optimisation, the focus lied in finan-

cial KPIs and the geometric distance between the simulated

concepts and the idealised, non-realistic system in the Pareto

front was minimised. Furthermore, the Energy Performance of

Buildings Directive (EPBD) legislation [25] significantly im-

pacts the system selection in buildings. Each European country

has its own software, based on this EPBD legislation, to assess

the energy performance of buildings. However, these software

tools are based on a myriad of correction factors and typically

incorporate only conventional concepts. In Belgium, a confor-

mity certificate can be utilised to evaluate innovative systems,

such as central change-over systems. However, this approach

lacks a standardises evaluation, leading to an underestimation

of the performance of new systems. Additionally, the simu-

lation time steps of one month overlook the impact of control

strategies, which is crucial for central change-over systems.

Other studies included the effects of building types on con-

cept selection into their evaluation framework for concepts and

their designs. For example, Dermentzis et al. [26] conducted an

energetic evaluation of nine HP-based (collective) heating con-

cepts across three renovation levels for a theoretical apartment

building. However, the impact of occupant behaviour on the

system performance was not investigated and only the annual

electricity consumption over the total heat demand per floor

area was used for evaluation. Another comparative analysis of

collective heating systems is presented by Martinopoulos et al.

[27] that included a theoretical 3-floor apartment building in

different Mediterranean climates. Here, the focus was on the fi-

nancial evaluation of systems and they concluded that location

affects the optimal system selection.

Additionally, different evaluation frameworks typically

utilise different KPIs which makes the comparison across dif-

ferent studies difficult. Therefore, Abbasi et al. [28] selected

the 22 most used sustainability indicators based on a thorough

literature review that focuses on environmental, social and eco-

nomical aspects. They concluded that the environmental as-

pects should cover the largest part of an evaluation framework,

with CO2 emissions and primary energy use as main indica-

tors. In terms of economical evaluation, the net present val-

ues and operational costs are determining for decision-makers.

The insights of Jafaryeganeh et al. [29] help to cope with multi-

objective decision-making efficiently. The primary conclusion

drawn from this literature review is that different KPIs should

undergo normalisation to be dimensionless before applying a

multi-objective decision method, which is mostly based on

weighted sum.

1.2. Problem Statement: Central Change-Over CHCS

As can be noted, assessing and comparing different CHCS

poses a major challenge due to numerous factors involved,

including building characteristics, occupant profiles, weather

conditions, component sizing, implemented control strategy,

among others [30]. As a result, it is not clear for decision-

makers which CHCS to select for a specific case, certainly not

for the novel central change-over systems. In this respect, per-

forming a comparative analysis for different boundary condi-

tions gives insights into the optimal application domain of dif-

ferent central change-over CHCS, which can lead to generating

informed recommendations.

With respect to the KPIs used to generate these recommen-

dations, it is essential to incorporate (future) occupants’ prefer-

ences for conflicting KPIs, such as thermal comfort and oper-

ational cost [28]. Thermal comfort directly affects occupants’

well-being and satisfaction. Simultaneously, operational cost
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impacts the system’s economic sustainability and occupants’ fi-

nancial satisfaction. Balancing the comfort and costs is critical

for optimal system design and aligns with occupant-centered

building practices.

This underscores the necessity to develop a comprehensive

evaluation framework for CHCS that accounts for boundary

conditions and a method that accounts for the preferences of

occupants regarding conflicting KPIs into the multi-objective

decision-making. This method aims to facilitate informed rec-

ommendations tailored to various cases.

1.3. Scope and Contributions of the Paper

In this manuscript, we present a novel performance-based

evaluation method for informed decision-making. The purpose

of this method is to assess and compare variants of Collective

Heating and Cooling Systems (CHCS) across diverse bound-

ary condition scenarios. Notably, the evaluation method goes

beyond conventional approaches by incorporating occupants’

preferences regarding thermal comfort and costs into the multi-

objective assessment. This enables to generate informed rec-

ommendations that consider subjective considerations.

The method is demonstrated through the generation of rec-

ommendations for central change-over systems that switch sev-

eral times a day between different temperature levels to meet

SH, SC and DHW demands. To achieve this, the evaluation

method is implemented into a comprehensive evaluation frame-

work that considers influential factors such as building char-

acteristics, occupant profiles, component sizing and different

control strategies. The paper contributes significantly to the re-

search field of CHCS in apartment buildings in two main ways:

1. Holistic Key Performance Indicator score (KPI∗): The

use of a holistic KPI score marks a notable departure from

conventional assessment frameworks. This enables the in-

tegration of occupants’ preferences concerning a multi-

objective evaluation problem to generate CHCS selection

recommendations. This approach facilitates the identifi-

cation of the most suitable CHCS for diverse boundary

conditions, offering an improvement in decision-making

frameworks.

2. Evaluation of three novel central change-over CHCS:

The proposed methodology is demonstrated through the

evaluation of three state-of-the-art central change-over

temperature CHCS for various building sizes and occu-

pant behaviour profiles. The investigated CHCS include

(see Section 2.3) a booster heat pump-based 2-pipe sys-

tem, a 2-pipe system with decentralised storage, and a 4-

pipe system, offering insights into their application poten-

tial. Because of ongoing electrification of thermal energy,

all generation units are Power-to-Heat solutions.

The rest of this paper is organised as follows: the novel

evaluation methodology with the structure of design of exper-

iments, the three evaluated central change-over CHCS con-

cepts, and the simulation environment are described in Sec-

tion 2; Section 3 first presents the case-specific inputs to demon-

strate the methodology for generating informed recommenda-

tions tailored to varied boundary conditions and various occu-

pants’ preferences. Afterwards, it provides a discussion on the

proposed methodology; and the paper concludes in Section 4.

2. Material and Methods

2.1. Overall Evaluation Framework

This study aims to introduce a general methodology for gen-

erating recommendations on CHCS selection based on dynamic

simulations in Python. These recommendations account for oc-

cupants’ preferences regarding conflicting KPIs. Tailored rec-

ommendations are provided based on specific boundary condi-

tions, meaning that the recommended CHCS may vary based

on factors such as the region considered or occupant behaviour

profile. Figure 1 provides a schematic representation of the

evaluation framework, comprising pre-processing, python sim-

ulations and post-processing.

During the pre-processing phase, the evaluation methodol-

ogy is structured around defining the design of experiments to

generate tailored recommendations by specifying required in-

puts. These inputs can be broadly categorised into boundary

conditions and concepts under evaluation, each serving distinct

roles within the evaluation framework. Boundary conditions,

which include i occupancy profiles, j building characteristics, k

energy tariff structures, and l weather profiles, are case-specific

parameters that form the contextual foundation for the evalua-

tion. Their adaptability allows for easy adjustment to accom-

modate various real-world scenarios. In addition, the Z con-

cepts under evaluation encompass U different CHCS, V con-

trol strategies and W sizing strategies embedded in the CHCS.

These investigated concepts are also adaptable, but the incorpo-

ration of novel systems or strategies into the evaluation frame-

work requires careful adaptation into the Python simulation en-

vironment. Therefore, Section 2.2 outlines the required inputs

for defining boundary conditions, while Section 2.3 introduces

the central change-over CHCS along with the sizing and control

strategies used in demonstrating this methodology.

The Python simulation environment, built upon previous re-

search (see Section 2.4), produces results that are translated into

financial KPIs and thermal comfort KPIs (see Section 2.5.1)

during post-processing. While CO2 or primary energy con-

sumption are recommended KPIs by [28], they are not included

in this research to maintain focus on proposing a decision-

making method that integrates occupants’ preferences.

The trade-off between these KPIs is typically visualised by a

Pareto front, yet this does not simplify the CHCS selection pro-

cess. To take account of occupants’ preferences, a holistic KPI

score (described in Section 2.5.2) is proposed. This approach

enables the systematic generation of tailored recommendations

by exploring the interplay between different boundary condi-

tions and the diverse concepts under investigation. For instance,

the design of experiments may entail examining various con-

figurations of CHCS or exploring alternative control and sizing

strategies tailored to specific CHCS configurations for diverse

boundary conditions.
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Figure 1: Schematic overview of methodology. The design of experiments can include i different family types, j building types, k tariff structures and l weather
profiles. Recommendations are generated based on these variations in boundary conditions to select the optimal CHCS, control strategy and/or sizing strategy,
considering preferences toward conflicting KPIs.
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2.2. Boundary Conditions

This section provides a general overview of the required

case-specific inputs essential for defining the boundary condi-

tions, which form the basis for the recommendations. Detailed

parameters for demonstrating the proposed evaluation method-

ology are presented in Section 3.1.

2.2.1. Weather Conditions

The weather data files serve as essential for conducting com-

parative analyses as they represent the geographical location

under consideration. These files, integrated into the simulation

environment, must contain outdoor temperature measurements

[◦C] and solar radiation measurements [W/m²], for each cardi-

nal direction: North, East, South and West. When the time step

of the data file does not align with the simulation time step,

linear interpolation is applied to ensure compatibility.

Although full year simulation data is typically available, the

small simulation time step and the detailed models (described

in Section 2.4) would result in extended simulation times when

conducting diverse experiments. Consequently, a compromise

was made between computational efficiency and obtaining de-

tailed annual results.

To assess the year-round performance of the considered

CHCS, representative months are selected to cover a range of

typical climatic challenges throughout the year. The simulation

results from these representative months are extrapolated to an-

nual KPIs based on a weighted sum. This method, similar to

the approach described in [31], classifies the remaining months

based on similarity to the representative months.

An illustrative example with three operation modes is shown

in Figure 2, where January signifies a typical winter month (in

red), July a typical summer month (in blue), and the period from

September 15 to October 15 a typical spring/autumn month (in

green). The coloured boxed at the bottom denote which months

correspond to which of these three representative months.

2.2.2. Tariff Structure

The tariff structures need to be defined for all energy sources

in e/kWh. These structures may encompass fixed tariffs for gas

and electricity or exhibit variability over time, such as monthly

prices or even day-ahead market prices for electricity. When

calculating the operational costs for a non-simulated month

based on a representative month, it is imperative to consider

the price of that non-simulated month according to the used

profile. Consequently, a daily or hourly price setting is only

feasible when simulating the entire year without relying on rep-

resentative month distribution, resulting in increased simulation

times.

2.2.3. Building Characteristics

This research employs a conceptual apartment building de-

signed as a modular assembly of 14 distinct dwelling configu-

rations. These configurations are allocated across different lev-

els within the apartment building, encompassing the floor level,

the top level, or an intermediate level. Notably, this method of

Figure 2: Example of a weather profile. Here, the weather conditions (aver-
age outdoor temperature [◦C] and average sum of solar radiation [W/m²]) are
shown. The boxes visualise how the year performance is derived from three
representative months.

assembling building configurations allows for adaptable scenar-

ios, facilitating the selection of specific configurations in vary-

ing quantities.

Each configuration is characterised by a set of parameters re-

flecting transmission losses, ventilation losses, and solar gains.

These parameters encompass total floor area [m²], dwelling

height [m], total loss area of walls [m²], U-value of walls

[W/m²K], as well as windows and ventilation characteristics.

Window characteristics include glass area for the four cardi-

nal directions [m²], U-value [W/m²K], and solar radiance trans-

mission factor. Ventilation parameters necessitate the definition

of the ventilation system (mechanical or natural, balanced or

unbalanced and heat recuperation efficiency), ventilation rate

[m³/h], and air leakage rate for both winter and summer condi-

tions, for instance, in summer for free cooling via night venti-

lation.

The scalable nature of the conceptual apartment building al-

lows for variation in the number of dwellings within the apart-

ment building to generate recommendations. It is noteworthy

that although 14 dwelling configurations are predetermined, ex-

pansion is feasible by defining alternative values for these pa-

rameters.

2.2.4. Occupant behaviour Profiles

Besides the building characteristics, the occupant profiles are

determining for the system efficiency by affecting energy con-

sumption and number of central supply temperature switches.

Occupancy is stochastic in nature with varied patterns for each

dwelling, leading to diverse schedules and requirements for

heating and cooling. The stochastic profile generator, devel-
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oped in the Instal2020 project [32], is used to generate various

occupant behaviour profiles. These profiles consists of internal

heat gains [W], occupancy presence, DHW consumption [kg/s]

at 60◦C, and zone temperature set point schedules. This gener-

ator allows to choose for each dwelling between nine different

family types, ranging from 1 to 4 inhabitants, and the number

and type of tapping points [33]. The nine family types, de-

scribed in [33], result from a survey held on 700 dwelling in

Belgium during the Instal2020 project.

2.3. Selected Collective Heating and Cooling System Design

In addition to defining boundary conditions, which provide

the foundation for recommendations, the concepts under eval-

uation must be specified during the pre-processing stage. The

design process for CHCS involves three main steps: concept

selection, concept sizing, and implementing a control strategy.

Unlike boundary conditions, these inputs require careful cod-

ing for integration into the evaluation framework. Therefore,

this section immediately describes the considered concept se-

lections, sizing and control strategies that are subject to demon-

stration of the methodology. For this demonstration, three cen-

tral change-over CHCS are compared across varied boundary

conditions, utilising sizing and control strategies based on eas-

ily implementable methods derived from scientific literature. It

is important to note that the methodology outlined here is not

limited to the evaluation of these specific concepts but is appli-

cable to comparing other concepts, as well as different control

and sizing strategies within a certain CHCS design.

2.3.1. Selection of Concept

As only newly built apartment buildings are considered in

this research, all dwellings are equipped with an underfloor sys-

tem for heating that can switch to underfloor cooling. Their

design temperature is set at 35◦C/30◦C for heating. A passive

mixing valve incorporated in any underfloor system regulates

the inlet temperature to a maximum of 35◦C.

In the central production only power-to-heat solutions are

considered to align with the need for electrifying the thermal

energy supply. Therefore, the principal heat generator is always

a geothermal heat pump (GHP), connected to a Thermal Energy

Storage (TES) with two temperature sensors set at 45 ◦C. The

geothermal source is a Borehole TES (BTES), which enables

free-cooling in summer by means of a plate heat exchanger be-

tween supply and BTES, bypassing the GHP. In case a central

high-temperature unit is required for supplying higher temper-

atures than 45 ◦C, a High-Temperature HP (HT-HP) is put in

series, which is also connected to a TES. This way, the tem-

perature can also increase to 65 ◦C for production of DHW in

concepts A and C. The series connection is the preferred setup

when the principal heat generator is a HP [34].

The three considered central change-over CHCS are referred

to as concept A, B and C are also shown in Figure 3:

A) The new 2-pipe concept with decentralised storages for

DHW and central change-over system, as presented in [15].

The decentralised storages are charged simultaneously as

much as possible to allow both high temperature (for stor-

age charging) and low temperatures (for SH or SC) distri-

bution.

B) A prosumer-based 2-pipe CHCS with decentralised booster

heat pumps (BHP) represents an emerging variant of 2-pipe

systems. In this configuration, the distribution temperature

can be easily adjusted and switched between SH and SC on

an hourly basis. The DHW is produced locally, with the

BHPs utilising central heat from the supply pipe as a heat

source. Consequently, a central HT-HP is not required in

this system.
During summer months, excess heat within apartments can

be utilised for local DHW production, facilitated by an in-

telligent heat recuperation system (blue pipes in Figure 3b)

as shown by Jacobs et al. [35]. The key principle involves

connecting the SC outlet temperature (which is warmer than

the supply pipe temperature) to the evaporator of the BHP.

This results in an increase in the source temperature of the

BHP, thereby enhancing its COP. Additionally, the cold re-

turn water from the evaporator can serve as a cooling source

for the underfloor system.

C) The third concept is a 4-pipe system, where one distribution

circuit is designated to supply SH and SC, while the second

circuit distributes DHW. In theory, this concept should de-

liver the highest comfort level for DHW, as DHW supply

is always available. However, supplying the high temper-

ature at all times reduces the energy efficiency due to high

heat losses and lower production efficiency of central HP.

The central TES of the HT-HP contains an internal spiral

heat exchanger for producing DHW. The circulation loop is

connected to this TES.

2.3.2. Component Sizing

The sizing predominantly adheres to established sizing

methodologies, although certain specific concepts lack a proven

optimal sizing strategy. This section first delves into the sizing

of components within dwellings, followed by a discussion on

the sizing of central production units.

In all concepts, the sizing of the underfloor heating system

is based on the design heat demand, utilising a regime tem-

perature of 35◦C/30◦C. For concepts A and B, the volumes of

decentralised storage tanks are determined using the ’Power-

Storage’-method introduced by Verhaert et al. [36], given a cer-

tain heating power. Figure 4 visualises this method, where the

peak cumulative demand for DHW within different time step

intervals for an average dwelling is shown in purple. The black

curve represents the cumulative heat delivered by a DHW pro-

duction continuously heating at its nominal heating power dur-

ing the same time step intervals. The required storage volume

is derived from the largest difference between these two graphs.

Note that determining the required storage volume using the

’Power-Storage’-method [36] requires first defining the heating

power.

The heating power of the decentralised DHW production

varies depending on the employed concept. For concept A, the

heating power relies on the internal coil heat exchanger. As-

suming a charging flow rate of 300 kg/h, as was considered
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Figure 3: Schematic overview of the three central change-over CHCS, (A) 2-pipe system with decentralised storage tanks, (B) 2-pipe system with decentralised
booster heat pumps, and (C) 4-pipe system.
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Figure 4: Example of DHW storage volume calculation for an apartment build-
ing. The purple line represents the average of all peak cumulative DHW de-
mands of all dwellings for different time step intervals. The black line is the
produced DHW during those time intervals. The maximum difference between
these two lines equals the required storage capacity in liter to provide DHW
comfort. In this example, the production unit has a heating power of 2500 W,
resulting in a required storage tank volume of at least 175 litres.

ideal by the sizing study conducted by Jacobs et al. [15], and

a 10◦C average temperature difference, the charging power is

3.5kW. For concept B, the assumed heating power is 2kW by

default, aligning with typical specifications of DHW booster

heat pumps in the market.

In all three concepts, the associated TES for the GHP has a

storage volume equivalent to one hour of full-load operation of

the GHP, as identified as the most efficient by Van Riet [34].

The central GHP is sized to meet the space heating demand

for all dwellings, averaging 2kW per dwelling. Only in case

of BHPs (concept B), the GHP is sized 30% larger. This 30%

increase accounts for the extra heat extracted by decentralised

BHPs, assuming an average Coefficient of Performance of 4.2

for BHPs [35], BHPs of 2kW, and a simultaneity of 40%.

For concepts A and C, the sizing method diverges for the

central HT-HP. In concept A, the HT-HP is sized with design

temperatures at condenser side of 45◦C/65◦C and a flow rate

of S × 300 kg/h, where S represents the simultaneity factor of

DHW demand in the dwellings [37]. In concept C, the flow

rate is determined by the average peak demand of all dwellings

in a 10-minute time interval, multiplied by S × 0.7. The cen-

tral DHW storage volume of concept C is defined based on the

’Power-Storage’-method, similar to the sizing of decentralised

DHW storages.

2.3.3. Control Strategies

The control strategies implemented in the three CHCS are de-

rived from previous researches or are adapted for this research,

with a focus on adopting easily implementable rule-based con-

trol strategies.

Each of the central change-over CHCS need to switch be-

tween SH and SC, with an additional temperature level of DHW

production in concept A. In concept B, DHW is locally pro-

duced with the BHP, while in concept C, DHW distribution oc-

curs through a separate circuit.

The strategy for switching between SH and SC remains con-

sistent across all three concepts. This rule-based control strat-

egy requires meeting three conditions before the system can

switch from heating mode to cooling mode. Firstly, the average

outdoor temperature of the past 24 hours must exceed 15◦C,

representing the activation of summer mode. Secondly, the op-

erative temperatures of all dwellings must be maintained above

the indoor operative temperature set point (Top; S P), to prioritise

space heating in the building. Lastly, a minimum of 33% of

dwellings must have an operative temperature higher than the

set point for space cooling.

In concept A, the described switching strategy between SH

and SC has been combined with the two-sensor control (2SC)

of [15]. The 2SC relies on two temperature sensors in each de-

centralised storage tank to determine whether the central supply

temperature should be increased to 65◦C (DHW mode) or not.

The central supply temperature switches between 65◦C (DHW

mode), 35◦C (SH mode) and 18◦C (SC mode).

For concept B, the central supply temperature should be as

low as possible during SH [35], and as high as possible during

space cooling. Therefore, a fixed temperature set point of 35◦C

is chosen for SH, and the free-cooling temperature set point is

18◦C for SC distribution.

For concept C (4-pipe with DHW circulation loop), the tem-

perature in the circuit for SH and SC follows a regular heating

curve, with the same switching methodology to SC (18◦C) as

described before. The DHW circulation loop temperature is

fixed at 60◦C, controlled by a bypass valve on top off the riser

pipe with a maximum temperature drop of 5◦C to prevent the

growth of legionella bacteria.

2.4. Simulation-based Evaluation Framework

2.4.1. Mathematical Description of General Modelling

A dynamic simulation environment is built in Python, based

on the Matlab models of Van Riet [34] and extensively de-

scribed in Jacobs et al. [15]. The transient thermal behaviour of

all components in a CHCS are represented by first order, ordi-

nary, linear, and non-homogeneous differential equations. The

general equation is as follows:

dy(t)

dt
= −a(t)y(t) + b(t) (1)

with time, t, the independent variable and y the integrand. How-

ever, all differential equations are implemented as a explicit so-

lution, according to a zero-order hold [34]. Therefore, a(t) and

b(t) are constant within each time step (∆t). Notably, the simu-

lation is executed with a ∆t of 10 seconds to capture the effects

of concept choices on DHW (and indoor) thermal comfort.

2.4.2. Model: Thermal Energy Storage

The stratified storage tank model is based on Type 60 of

TRNSYS [38] and is described in [34, 15]. In general, the stor-

age tanks are simulated as a partial differential equation in tem-
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perature and along the height [39]. It assumes a number of ho-

mogeneous volume layers with a uniform temperature to simu-

late the heat transport and stratification inside thermal storages.

In this respect, the captured thermodynamics include conduc-

tion, advection, heat losses to surrounding, and heat gains from

a potential internal coil heat exchanger. A temperature-inverse

algorithm was added to account for the effect of temperature on

the density of water.

In case of a TES for technical water, the inlet and outlet are at

the top and bottom of the storage tank and water flows in both

ways (representing the charging and discharging of the tank).

In case of DHW storages, cold domestic water of 10◦C enters

the tank at the bottom during a DHW demand and the DHW

exists the tank at the top. The circulation loop for the 4-pipe

system is connected at 1/3 of height.

2.4.3. Model: Booster Heat Pump

The GHP, high-temperature GHP and decentralised BHP are

all grey-box models, based on data regarding power consump-

tion and heat generation at various source and sink tempera-

tures. In this respect, the GHP is based on Viesmann’s Vitocall

300, the high-temperature GHP on the Enevator Aqua Booster

WWHB of A.O.Smith, and the BHP are based on Alpha Innotec

WWB21 of Nathan Systems. This section section describes the

BHP model in detail.

The BHP model is similar to the Geothermal Heat Pump

(GHP) model of [34], with the difference that here the evapora-

tor’s outgoing temperature (Teva; out) is also modelled. The con-

denser and evaporator are considered to be two separate lumped

capacities where the condenser temperature (Tcon) equals its

outgoing flow temperature (Tcon; out) and similar for the evap-

orator: “Teva = Teva; out”. The model relies on mass and energy

flows as its basis, outlined by Equations 2 and 3:

CBHP
con (

dTcon; out

dt
) = Q̇BHP

con − UAcon · (Tcon; out − Tz)

+ cp · ṁcon · (Tcon; in − Tcon; out)

(2)

CBHP
eva (

dTeva; out

dt
) = − Q̇BHP

eva − UAeva · (Teva; out − Tz)

+ cp · ṁeva · (Teva; in − Teva; out)

(3)

with subscripts con and eva referring to condenser’s and

evaporator’s side, respectively, now denoted as X: CBHP
X

the

thermal capacities [J/K]; UAX the overall heat transfer coeffi-

cient [W/K] to the surroundings (at 20◦C); ṁX the flow rate

[kg/s], Tx; in and Tx; out the in- and outgoing temperatures [◦C],

respectively; and cp the specific heat capacity of flow medium,

which is for water 4187 J/KgK. Lastly, Q̇BHP
con is the generated

heating power of the condenser [W], and Q̇BHP
eva is the extracted

heat at evaporator side [W].

The Q̇BHP
con and the electrical power consumption (ȦBHP

el
) can

Table 1: Polynomial parameters used in BHP model fitted on data of Alpha
Innotec WWB21. In Equation 4, ẎBHP represents Q̇BHP

con or ȦBHP
el

, and the co-
efficients are accordingly.

Q̇BHP
con ȦBHP

el

p0 2891,3 593

p1 -3268,7 -556,7

p2 -4201,9 -951,5

p3 4383,3 884,8

p4 539,5 10,8

p5 1500,4 380

p6 -438,8 -10

p7 -1398 -348,6

R2 value 0,9996 0,9979

be determined using the generalised polynomial of Equation 4:

ẎBHP

Q̇BHP
con, nom

= p0 + p1 · T
src + p2 · T

snk + p3 · T
src
· Tsnk

+ p4 · T
src2

+ p5 · T
snk2

+ p6 · T
snk
· T src2

+ p7 · T
src
· T snk2

(4)

The respective coefficients (p0, p1, p2, p3, p4, p5, p6, p7) of

this polynomial are listed in Table 1 for ẎBHP representing ei-

ther Q̇BHP
con or ȦBHP

el
. The parameter estimation was performed

based on data from the Alpha Innotec WWB21 from Nathan Sys-

tems using a ‘fit nonlinear regression model’, resulting in high

R²-values (0.9996 and 0.9979, respectively). In the context of

the model, T src and T snk represent Teva; in and Tcon in Kelvin,

respectively, normalised by dividing each temperature by 273.

These coefficients and the fitted model enable the prediction

of heat output (Q̇BHP
con ) and electrical power input (ȦBHP

el
) rela-

tive to the nominal heating power (Q̇BHP
con, nom) based on the given

input temperatures (T src and T snk). The high R2-values indicate

the effectiveness and accuracy of the fitted polynomial model

for this application.

2.4.4. Other Simulation Models

Each dwelling is simulated as a thermal zone with three tem-

perature nodes, namely emitter surface temperature, indoor air

temperature and indoor wall surface temperature. All three

have an individual thermal capacity and heat exchange resis-

tance. The model takes account of transmission losses, ven-

tilation losses, internal heat gains and solar heat gains. For

a detailed simulation of heat transmission the emitters are di-

vided into nine segments, similar to the approach described in

[15, 34].

The control signals of valves and pumps adjust the flow rate

without depending on pressure models and hydraulic phenom-

ena such as valve authority. In this respect, the mass flow be-

tween the nominal value and 10% of this value is guaranteed to

be available. Time delays of control valves are taken into ac-

count with a time constant (τ) of 32s as in [34] and the mixing

rule is applied for three-way valves and mixing points.

The time delay in the pipes is modelled by applying the plug-

flow principle [40] and their thermal losses are characterised by
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an RC-model. For taking account of the required pumping en-

ergy to overcome pressure drops in the central piping network,

the Darcy-Weisbach equation (5) is used.

∆p = fD · L ·
ρ

2
·

v
2

DH

(5)

Where ∆p is the pressure drop [Pa], L the length of the distri-

bution pipe [m], fD the Darcy friction factor, calculated accord-

ing to the Moody approximation [41], ρ the density of water, v

the average flow velocity [m/s], and DH the hydraulic diameter

of the pipe [m].

The total power consumption of the central distribution

pump, or two central pumps in case of the 4-pipe system,

(Epump) in [kWh] is calculated according to Equation 6.

Epump = ṁpipe · (
ρ · g · H + ∆p

ρ · ηpump

· ∆t) · fconv (6)

Where g equals 9.81 m/s2, H the pump head [m] (zero for

closed loop circuits), ηpump the electric efficiency of the pump,

fconv the conversion factor from Joule to kWh, i.e. 1
3.6×106 , and

the rest as before. The ηpump is set to 70% to also account for

the pumping cost of other smaller pumps in the system.

2.5. Post-Processing

2.5.1. Key Performance Indicators

The calculation of the holistic KPI score involves the uti-

lization of four KPIs. These encompass one financial KPI and

three KPIs dedicated to evaluating thermal comfort. The three

comfort-oriented KPIs comprise two KPIs related to indoor

thermal comfort and one addressing DHW comfort.

Regarding indoor thermal comfort, the daily average num-

ber of degree hours that the indoor operative temperature (Top)

deviates from its set point (Top; S P) is calculated for each

dwelling, with a tolerance of etol [◦C]. Specifically, this entails

the quantification of room temperature lack (RT L) [Kh/day]

during heating conditions and room temperature excess (RT E)

[Kh/day] during cooling conditions [34]. The RT E and RT L

are presented as the average across all dwellings, delineated by

Equation 7, in which n denotes the number of dwellings, and

the rest as before:

RT L =

∑n
i=1(
∫ t2

t1
(Top; S Pi

− (Topi
+ etol))dt)

n

RT E =

∑n
i=1(
∫ t2

t1
((Topi

− etol) − Top; S Pi
)dt)

n

(7)

The DHW comfort is assessed through the KPI denoted as

relative duration of lacking DHW temperature (tDHW; dc) [%],

a KPI introduced in [15]. This metric quantifies the duration

of DHW consumption with a DHW temperature below 40◦C,

expressed as a percentage relative to total tapping time. Figure 5

provides as illustrative example, where the red temperature line

represents the available temperature in the dwellings for DHW

consumption, and the blue line depicts the total tapping time of

all dwellings (time B).

Figure 5: Used DHW discomfort Key Performance Indicator (KPI). This KPI
(tDHW; dc) is calculated as A/B, where B is the total DHW tapping time of all
end-users and A is the total time at which the DHW temperature is below 40◦C.

In this context, DHW discomfort is defined when the avail-

able temperature is below 40◦C, corresponding to time A. Con-

sequently, the relative duration of DHW discomfort is A/B (%).

A lower percentage indicates a reduced average duration of dis-

comfort experienced by end-users. It is noteworthy that the

DHW flow rate assumes an ideal mixing valve at the tapping

points, regulating the mass flows to achieve a consumption tem-

perature of 40◦C.

The financial KPI is the Levelised Cost of Energy (LCOE),

expressed in e/kWh and calculated through Equation 8. This

KPI is the ratio between the sum of Capital Expenditures

(CAPEX) and the Operative Expenses (OPEX), and the total

energy consumed by end-users [24, 42]. The total energy con-

sumed is the absolute sum of space heating, space cooling and

DHW consumption. In this ratio, both the costs and energy

consumption are the discounted sum over a specified period,

following the advise of [28] to employ Net Present Value in

comparative analyses of CHCS.

LCOE =
CAPEX + ΣN

t=1
OPEX 1

(1+r)t

ΣN
t=1

Qused
1

(1+r)t

(8)

Where CAPEX is the investment cost [e], including only

the differences between the concepts (i.e. neglecting the costs

of underfloor heating or the costs for the BTES field), OPEX

is the annual operating expenditure associated with energy use

related to gas and electricity [e], N the considered time frame

of 25 years, t the time [years], and Qused the total useful energy

for all end-users [kWh]. All assumptions for these calculations

are presented in Table 2 with their respective references.

The diverse dimensions and value ranges of the considered

KPIs pose a challenge in comparing overall performances for

decision-making purposes. Although Pareto-front plots are cur-

rently utilised for comparisons, this approach is inherently sub-

jective and prone to different interpretations among individu-

als. Addressing this challenge necessitates the establishment of

a holistic KPI score (KPI∗) that translates the diverse KPIs or

criteria into a unified value for objective evaluation.
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Table 2: Financial data for LCOE calculations. The investment costs are fitted on available data from given references.

Investment costs [e] Ref.

Central GHP e642/kW [43]

HT-HP (x kW)
(x >

0) · (1.1553x2 + 130.88x + 18399)
A.O. Smith data

Storage tank (y litres) 254.35 · y0.3585 [44]

DHW BHP e1500/kW Market prices

Distribution pipes
L · (−0.0245D2

H
+ 6.3787DH +

154.99)
[45]

Maintenance cost 2% of investment cost [46]

Discount rate 6% [46]

2.5.2. Holistic KPI Score: KPI∗

Each of the four KPIs within a given experiment

(Z, i, j, k, l)—with Z representing the concepts under evalua-

tion, i corresponding to the occupancy profile, and j indicating

the building variations, k the considered tariff structures, and l

the weather profiles—is divided by its respective median value

within experiment (i, j, k, l) for normalised and dimensionless

KPIs. The medians within experiment (i, j, k, l) are solely based

on the respective KPIs of CHCS Z in that specific experiment.

To give an example, when calculating the median of RT L for

experiment (i, j, k, l), the RT L values of concepts Z within that

experiment are utilised. The advantage of using the median in

the normalisation method is that it preserves the relative differ-

ences in performance between distinct concepts.

Based on this normalisation methodology, the financial KPI

is translated into an aggregated cost KPI (KPIcosts(Z, i, j, k, l))

and the three thermal comfort KPIs into an aggregated comfort

KPI (KPIcom f ort(Z, i, j, k, l)) per experiment (i, j, k, l), through a

weighted sum. Equation 9 illustrates this for KPIcosts(Z, i, j, k, l)

consisting of only one KPI, i.e. LCOE. The median of the

considered CHCS’s LCOE for boundary conditions i, j, k, l is

denoted as µLCOE(i, j, k, l).

KPIcosts(Z, i, j, k, l) =
LCOE(Z, i, j, k, l)

µLCOE(i, j, k, l)
(9)

Analogous to KPIcosts(Z, i, j, k, l), the KPIcom f ort(Z, i, j, k, l)

is calculated according to Equation 10. Here, for every exper-

iment (i, j, k, l), the three normalised comfort-based KPIs are

summed using a weighted sum, with weights αi for DHW com-

fort, βi for SH comfort and γi for SC comfort. The values for

these weighting factors are determined based on the relative

share of DHW demand, SH demand and SC demand for the

different occupant profiles i.

KPIcom f ort(Z, i, j, k, l) = αi ·
tDHW; dc(Z, i, j, k, l)

µtDHW; dc
(i, j, k, l)

+

βi ·
RT L(Z, i, j, k, l)

µRT L(i, j, k, l)
+

γi ·
RT E(Z, i, j, k, l)

µRT E(i, j, k, l)

(10)

Finally, the aggregated KPI scores for the multi-objective cri-

teria, i.e. costs and thermal comfort in this manuscript, are

merged into a holistic KPI score (KPI∗), with respect to the in-

put values representing the end-user preferences regarding con-

flicting objectives (Equation 11).

KPI∗(Z, i, j, k, l) = − ( fcosts · KPIcosts(Z, i, j, k, l) +

(1 − fcosts) · KPIcom f ort(Z, i, j, k, l))
(11)

Where fcosts is the importance given to minimising the costs

∈ [0, 1], and the other variables as before. KPI∗ is always

negative with 0 the best value.

The proposed methodology exhibits certain limitations.

Firstly, utilising the median as a normalisation strategy pre-

serves relative performance differences between distinct con-

cepts, transforming the KPI∗ into a relative comparison among

concepts. This implies that the KPI∗ of a specific concept

within experiment (i, j, k, l) is dependent on which other con-

cepts Z are included in the comparative analysis. Consequently,

the methodology cannot serve as a general scoring technique

unless all other concepts undergo the same comparative analy-

sis.

Additionally, the computational complexity associated with

our methodology, particularly in executing simulations, may

present practical challenges for widespread adoption, especially

in resource-constrained settings. Despite these limitations, our

methodology represents a notable advancement in CHCS eval-

uation and selection, providing valuable insights for decision-

makers.

3. Results and Discussion

To demonstrate and validate the proposed evaluation method-

ology, a comparative analysis of three innovative central

change-over systems: A, B and C (see Section 2.3.1 for de-

tails) is conducted using a detailed case study. In this respect,

four different occupancy profiles (i = 4) and five different apart-

ment building sizes ( j = 5) are considered to generate tailored

recommendations. The same tariff structure and weather profile

are used across all analyses (k = l = 1), with the case study con-

ducted in Flanders, Belgium. More details on the case-specific

inputs for the design of experiments are provided in Section 3.1,

with the analysis in Section 3.2. The discussion further extends

11



the results by interpolating to other building sizes and occu-

pancy profiles, and examines the robustness of the KPI∗ in gen-

erating recommendations.

3.1. Design of Experiments: Case-Specific Inputs

The scheme in Figure 6 illustrates the demonstration of the

novel evaluation methodology applied to generate recommen-

dations for three central change-over systems referred to as A,

B, and C. The design of experiments is configured as (Z = 3, i =

4, j = 5, k = 1, l = 1), facilitating a two-dimensional analysis

where family types are represented on the x-axis, and the num-

ber of dwellings in the apartment building on the y-axis.

The variation in number of dwellings, ranging from 8 to 50,

is important for evaluating central change-over systems because

the distribution network needs to switch between several tem-

peratures. This is expected to be more cost and time intensive

in larger apartment buildings. Additionally, understanding the

impact of different family types, each characterised by distinct

energy consumption profiles, is key for evaluating CHCS per-

formance and tailoring recommendations based on specific oc-

cupancy profiles. Based on data available from [47, 48], four

occupant behaviour profiles have been selected to represent the

population in Flanders:

I) Retirement profile (21% of Flanders’ population): Rep-

resents an energy consumption profile of two retired peo-

ple often at home. Their DHW demands are typically

lower than other profiles, but SH demands are higher due

to an higher indoor temperature set point (Top; S P) of 23◦C

during the day.

II) Working 2-person families (25%): Characterised by

moderate demands across SH, DHW, and possibly space

cooling (SC), influenced by lifestyle and work schedules.

Each dwelling has three tapping points and a daytime

Top; S P of 21◦C.

III) Working 4-person families with school-going children

(41% combined with family type IV): Similar to family

type II but with two school-going children, resulting in

higher SH and DHW demands and potential variability in

SC needs.

IV) Luxurious 4-person families with school-going chil-

dren (41% combined with family type III): Represents

4-person households with increased energy demands, par-

ticularly for DHW, due to higher standards including a

bath, rain shower and four tapping points.

For all family types, Top; S P is reduced by 2◦C at night during

heating conditions. During cooling conditions, Top; S P adapts

to the outdoor temperature, with a temperature difference set at

5◦C and a minimum Top; S P of 25◦C. For calculations involv-

ing RT L and RT E, the tolerance (etol) is set at 0.5◦C. Figure 7

shows the differences in energy consumption profile between

these four family types for (a) the cumulative DHW demand

and (b) the internal heat gains of a representative household.

With respect to the sizing of the decentralised storage tanks,

the ’Power-Storage’-method of [36] is used. For concept A, the

heating power is 3.5 kW as described in Section 2.3.2, while

for concept B, the assumed heating power is 2kW by default,

but reaching 2.5kW for luxury family types due to an increased

DHW consumption. Based on these assumptions for heating

power, the storage tanks in concept A are sized at 140 litres,

150 litres, 160 litres and 280 litres for family types I, II, III, and

IV, respectively. For concept B, the corresponding tank sizes

are 155 litres, 166 litres, 185 litres and 297 litres, respectively.

The required input parameters for building characteristics,

not related to family type or number of dwelling, are high-

lighted next. The overall U-value of the walls is 0.24 W/m²K

and all windows are HR++ types, as required for newly built

dwellings in Flanders [49]. These well-insulating windows

have a U-value of 1.1 W/m²K and a solar radiance transmission

factor of 0.6 (g-factor). The floor areas of different dwelling

configurations range between 88 m² and 104 m² and the window

areas are 21% of the respective floor area, facing different solar

orientations. Each dwelling has ventilation type D (mechani-

cal, balanced ventilation) with a heat recuperation efficiency of

80%. However, when the outdoor temperature exceeds 16◦C,

the heat recuperation is bypassed. During SC mode, the ven-

tilation rate increases when the indoor temperature surpasses

both 25.5◦C and the current outdoor temperature. This increase

corresponds to an additional hourly refreshment of the indoor

air volume.

For the tariff structure, the Belgian Endex101 contract of

2023 is considered in the analyses and shown in Figure 8. This

price setting is typically applied in Belgian residential buildings

with a variable contract. Given that the considered CHCS for

demonstration are only equipped with power-to-heat units, the

tariff structure for gas usage has been excluded.

The weather file used in the demonstration represents the

average climate conditions in Belgium spanning from 2001 to

2020 and was generated by Buildwise as part of the IEA EBC

Annex 80 project [50]. Based on this weather file, three rep-

resentative months are selected to capture the year-round per-

formance of the to be evaluated central change-over systems.

Specifically, January was selected to represent winter condi-

tions, July to represent summer conditions, and September 15

to October 15 to emulate spring/autumn conditions.

The distribution of these representative months aligns with

the example depicted in Figure 2. This means that the sim-

ulation results obtained for January also stand for February,

November and December. Similarly, the results for July apply

to May, June and August. The remaining four months of the

year are represented by the September 15 to October 15 period.

Based on preliminary simulations, Table 3 provides an

overview of the absolute and relative shares of SH, SC, and

DHW demand for each family type inhabiting the apartment

buildings. The relative shares are used to define the weight-

ing factors in Equation 10 for calculating KPIcom f ort(Z, i, j, k, l).

The annual energy usages per square metres range from 53.1

kWh/m²a (family type II) to 67.6 kWh/m²a (family type IV),

potentially qualifying these buildings as near-zero energy build-

ings according to European standards. However, defining build-

ings solely based on this energy metric is challenging due to

various factors and mixed usage of terminology in this con-

text [51].
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Figure 6: Schematic overview of the design of experiments, considering 4 different family types, 5 building sizes, 1 tariff structure and 1 weather profile to generate
recommendations for 3 distinct CHCS concepts (A, B, C). The optimal CHCS is determined for each boundary condition, taking into account varying preferences
for thermal comfort and costs.
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Figure 7: Figure (b) shows an example of the cumulative DHW profile and (c) of the cumulative internal heat gain profile for the four different family types. The
profiles are given for the 22nd and 23th of January and are different for all dwellings.

Table 3: Absolute and relative shares of DHW demand, SH demand and SC demand for different occupancy profiles i. The relative shares are used for defining the
weighting factors (αi, βi, γi) in Equation 10 for calculating KPIcom f ort(Z, i, j, k, l).

Occupancy profile i

1 2 3 4

Retired working 2-p working 4-p luxurious 4-p

DHW [kWh/m2a] 16.1 17.8 26.1 35.7

SH [kWh/m2a] 33.4 26.5 21.5 20.8

SC [kWh/m2a] 10 8.8 10.9 11.1

αi 0.29 0.35 0.47 0.55

βi 0.58 0.52 0.39 0.32

γi 0.13 0.13 0.14 0.13
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Figure 8: This figure shows the used electricity price signal [e/MWh], follow-
ing the Endex101 price setting of 2023 in Belgium.

3.2. Comparative Analysis

Figure 9 visualises recommendations corresponding to four

distinct occupants’ preferences characterised by varying val-

ues of fcosts (0, 0.6, 0.9 and 1). The general trend indicates

that when the importance assigned to comfort surpasses that of

costs, the 4-pipe system (concept C) consistently emerges as

the recommended choice across all investigated scenarios, par-

ticularly for fcosts ∈ [0, 0.57]. This aligns with initial expecta-

tions, as the expensive concept C provides outstanding comfort.

However, starting at fcosts = 0.6, concept B begins to emerge as

an interesting alternative. In the first place for luxurious family

types, and subsequently for other family types as well. When

cost reduction takes full importance over thermal comfort, con-

cept B is recommended for all building sizes and occupancy

profiles considered in this research.

Figure 10 provides a detailed breakdown of the four KPIs and

the two aggregated KPI values. Despite concept C consistently

exhibiting the highest LCOE, it is recommended when com-

fort is prioritised ( fcosts ≤ 0.6). This recommendation stems

from I) minimal DHW discomfort (tDHW; dc, which is between

0 and 0.02, and II) both RT L and RT E of concept C consis-

tently aligning with or slightly surpassing the performance of

the other concepts. Therefore, the KPIcom f ort(Z, i, j, 1, 1) for

Z = C values ranges between only 0.45 and 0.78. In contrast,

for Z = A this ranges between 1.18 and 1.85, and for Z = B the

range is between 1.17 and 13.5, respectively.

Similarly, concept B consistently achieves the lowest LCOE

for all investigated boundary conditions, making it the preferred

choice when reducing costs is paramount. However, its tDHW; dc

is always relatively high, compared to the other systems, which

means that the BHP have not sufficient heating power or storage

volume compared to other systems.

The transition from the 4-pipe system to concept B as the

preferred choice does not occur abruptly with an increase in

fcosts. Instead, an intermediate phase is observed where the

optimal concept is contingent on the occupancy profile and/or

building size. For instance, even concept A is recommended in

some situations. This is true for fcosts within [0.79, 0.97], and

particularly in small apartment buildings with minimised DHW

consumption throughout the day. This consumption pattern is

typical for working families, i.e. profiles II and III.

Two main factors contribute to concept A’s recommenda-

tions in that particular case. Firstly, the two-sensor control in

concept A is optimal for a uniform DHW consumption pattern

across the entire building. This uniform pattern particularly ex-

ists for working families, where DHW consumption is concen-

trated around the morning and evening when people are home.

This facilitates the grouped charging strategy, ensuring simul-

taneously charging of all storage tanks. Moreover, the minimal

DHW consumption throughout a significant part of the day pro-

vides ample time for the storage tanks to recharge.

Secondly, the LCOE of concept A in small apartment build-

ings is low. However, as building size increases, concept A’s

LCOE converges with that of concept C, reaching a compara-

ble price in larger dwellings. This is because the delivered SC

to end-users is relatively lower for concept A than for concept

C, which is also reflected in the 3 times higher SC discomfort.

Starting at fcosts = 0.98, concept B emerges as the preferred

concept across all experiments. However, within the range

fcosts ∈ ]0.57, 0.98[ the transition is not uniform across all

considered boundary conditions. The designation of concept

B as recommended CHCS initially occurs for luxurious occu-

pancy profiles, followed by retired profiles from fcosts = 0.8,

and finally for occupancy profiles II and III. This transition is

influenced by the relative importance assigned to comfort in the

calculation of KPI∗. As illustrated in Figure 10, the tDHW; dc for

concept B is consistently higher than for concepts A and C.

However, in the case of luxurious occupancy profiles, concept

A also exhibits a higher tDHW; dc compared to other occupancy

profiles. This results in a higher median (µtDHW; dc
(i, j, 1, 1)) for

this specific occupancy profile, diminishing the impact of the

even poorer tDHW; dc of concept B in the final calculation of

KPI∗. Moreover, the relative share of DHW, accounting for

55% of the total energy consumption for occupancy profile IV,

further accentuates the impact of DHW comfort. This results in

concept B being recommended earlier due to its superior LCOE

compared to its poorer KPIcom f ort(Z, i, j, 1, 1).

As previously mentioned, the KPI∗ of a concept is depen-

dent on the evaluation of the other concepts in that experiment,

i.e. boundary conditions. Consequently, when concept A, with

a 2SC, encountered challenges in managing the non-uniform

DHW pattern of a luxurious family type, the DHW discomfort

resulting from concept B becomes less pronounced. A similar

effect is observed for the retired occupancy profile.

3.3. Interpolation of Main Results

The preceding section provided a comprehensive analysis

and discussion of the results for the considered family types

and building sizes. However, in reality, a broader range of con-

sumption patterns and building sizes exists, necessitating the in-

terpolation of results to generate recommendations across this
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Figure 9: Results for fcosts equal to (a) 0, (b) 0.6, (c) 0.9 and (d) 1. The x-axis represents the four different family types: I) retired people, II) working 2-person, III)
working 4-person, and IV) luxurious 4-person. The y-axis is the number of dwellings.

entire range. To achieve this, an essential step involves charac-

terising the occupancy profiles for effective interpolation. Note

that this research focuses on interpolation for building size and

occupancy profiles, with potential for future work to expand the

results through extrapolation.

As observed in Table 3 from Section 2.5.2, the share of SC

is always circa 13%. Consequently, characterising different

family types can be accomplished based on the ratio of their

SH share to DHW share in the total yearly energy consump-

tion. Figure 11 provides an example of the characterisation for

family type I. However, it should be noted that characteristics

such as number of daily change-overs in distribution tempera-

ture due to demanded temperature levels or usual moments of

DHW consumption is not reflected in this metric, while it also

affects the systems’ performance.

Figure 12 displays the interpolated results for fcosts = 0.8 and

fcosts = 0.9, using linear interpolation. These graphs affirm the

findings of the previous section, indicating that initially concept

C is preferred, but with an increasing fcosts the decentralised

BHPs become more prominent.

Additionally, it should be noted that these recommendations

are tailored for newly built apartment buildings. In the context

of renovation projects, the installation of 4-pipe systems might

pose challenges due to space constraints within existing shafts,

making them prohibitively costly. In such cases, the 2-pipe with

decentralised DHW storages might emerge as a viable alterna-

tive, offering a KPI∗ relatively closely comparable to the 4-pipe

system. This alternative could therefore be preferred more of-

ten, especially when the primary focus is on minimising ex-

penses.

3.4. Relative Differences in KPI∗

In the previous analyses, the focus was primarily on identify-

ing the best-performing systems. However, in some cases, the

difference in KPI∗ between different concepts can be minimal.

Therefore, a 3-D graph can be employed to reveal those points

where KPI∗ are coming really close.

Figure 13 shows the KPI∗ for each concept when fcosts is set

to 0.1 and 0.9. When fcosts = 0.1, the KPI∗ of concept C is

substantially lower than that of the other concepts. Concept A’s

KPI∗ ranges between 60% and 199% higher values, while con-

cept B’s KPI∗ is even higher (up to 14.5 times higher). This

suggests that concept C is the clear preferred choice when pri-

mary focus is on comfort. However, as fcosts increases to 0.9,

the overall shape of all three KPI∗-planes remains relatively

constant, but moves along the Z-axis. The KPI∗-plane for con-

cept C drops to around -1, while the plane for concept B ap-

proaches -0.8. This indicates that, as cost considerations be-

come more significant, the performance of concept B becomes

more competitive relative to concepts A and C. Only around a

ratio of 1 between DHW demand and SH demand, concept C is

not the best option, and concepts A and C are consistently very

close to each other, with differences between 4% and 15%.
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Figure 10: All KPIs, KPIcosts(Z, i, j, 1, 1) and KPIcom f ort(Z, i, j, 1, 1) used for calculating KPI∗.
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Figure 11: Example of characterization of family type I by considering the ratio
of DHW demand to SH demand.

3.5. Discussion

The preceding analyses have demonstrated that concept B,

despite its decentralised DHW production, consistently yields

the highest levels of DHW discomfort. This resulted into a

KPIcom f ort(Z, i, j, 1, 1) values for Z = B reaching up to 13.5

in the case of occupancy profile III. The sizing methodology

significantly influences this outcome. Consequently, for this re-

spective occupancy type, the storage tank volumes have been

increased from 185 litres to 420 litres. This adjustment aligns

with the ’Power-Storage’ method [36], wherein the basis for de-

termining the storage volume is now the maximum of all peak

cumulative DHW demands, as opposed to the previous reliance

on the average peak.

It is noteworthy that the increased volume of 420 litres ex-

ceeds the typical market availability for storage tanks of BHPs.

Despite this deviation from the norm, these increased volumes

result in improved KPIcom f ort(Z, i, j, 1, 1) values for Z = B,

ranging between 2.9 and 4.7. This suggests that the overar-

ching conclusions remain valid, but the transition from concept

C to concept B as the recommended concept with increasing

fcosts would occur at a slightly accelerated pace. Additionally,

the prominent downward peak in Figure 13 for family type III

would be diminished to some extent. Similarly, increasing the

heating power of BHPs would also improve the DHW comfort

and thereby its evaluation.

In the current results, the DHW discomfort appears to have a

significant influence on the KPIcom f ort(Z, i, j, 1, 1) values due to

the weights defined based on the respective shares in total en-

ergy demand, as presented in Table 3. Adapting these weights

yields different recommendations. However, the general con-

clusions persist, with another behaviour during the transition

from fcosts = 0 to fcosts = 1. Only in extreme cases, such as ne-

glecting DHW discomfort by setting αi to 0, concept B becomes

recommended for fcosts ∈ [0, 1]. Future work could focus on

a comprehensive assessment of these influences on recommen-

dations.

Similar conclusions apply to KPIcosts(Z, i, j, 1, 1) and its im-

Figure 12: Recommendations for concept selection A, B and C, when prefer-
ence is given to lower costs: (a) fcosts = 0.8, (b) fcosts = 0.9. The y-axis shows
increasing number of dwellings and the x-axis represents family types by their
share of SH over share of DHW in the total yearly energy demand (share of SC
is always 13%).
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Figure 13: 3-Dimensional recommendations for concept selection A, B and C,
when (a) fcosts = 0.1, and (b) fcosts = 0.9. The y-axis shows increasing number
of dwellings and the x-axis represents family types by their share of SH over
share of DHW in the total yearly energy demand (share of SC is always 13%).

pact on the recommendations. In this research, the CAPEX

considered only the differences between concepts A, B and

C. Therefore, the cost of for example the central BTES field

was not included because it would be similar for all concepts

with the same boundary conditions i, j, k, l. However, to inves-

tigate the effects of these neglected costs, the CAPEX was in-

creased bye10k per dwelling for all concepts. As with different

weights for KPIcom f ort(Z, i, j, 1, 1), the overall findings remain

consistent but exhibit another pattern during the transition from

fcosts = 0 to fcosts = 1. With the increased CAPEX, concept

A and B are recommended concepts starting at higher fcosts of

0.67 instead of 0.6. This is primarily attributed to the relative

nature of the KPI∗ methodology.

The proposed evaluation framework and the KPI∗ method-

ology prove valuable not only for generating recommendations

regarding concept selection but also for assessing design de-

cisions for specific concepts at an early stage. In this respect,

different control strategies could be compared to ensure optimal

performance under various situations while still considering the

occupants’ preferences. Furthermore, the design of experiment

is expandable to include other boundary conditions for more

comprehensive recommendations.

The novel methodology demonstrated its value for decision-

makers selecting CHCS for apartment buildings. However, it is

also applicable for policy makers aiming to promote or discour-

age specific heating and cooling concepts tailored to a range

of boundary conditions. In this context, the considered KPIs

should be expanded to include environmental KPIs such as CO2

emissions. Consequently, the KPI∗ would be a weighted sum

of more aggregated KPIs.

4. Conclusion and Future Research

4.1. Conclusions

This paper presents a comprehensive evaluation methodol-

ogy for multiple CHCS in diverse building scenarios. The

methodology concerns a multi-objective decision-making ap-

proach for concept selection through a holistic KPI score, in-

tegrating occupants’ preferences regarding (conflicting) criteria

to generate recommendations for decision-makers.

The methodology is demonstrated by means of a comparative

analysis of three state-of-the-art central change-over CHCS for

various apartment building sizes and occupancy profiles. The

conflicting KPIs considered are an aggregated thermal comfort

indicator, encompassing DHW discomfort, RT L and RT E, and

the aggregated expenses represented by normalised LCOE. The

results highlight that 4-pipe systems are highly recommended

for newly built apartment buildings when prioritising thermal

comfort due to their low tDHW; dc, despite higher OPEX. In con-

trast, decentralised BHPs outperform the 4-pipe and 2-pipe with

decentralised DHW storages in terms of expenses for a broad

range of building sizes and occupancy profiles. The 2-pipe sys-

tem with decentralised DHW storages is preferred in smaller

apartment buildings and for working family types, where DHW

consumption patterns are concentrated, benefiting the 2SC.

In the broader context, the developed evaluation framework

can serve as a valuable tool for testing and comparing sizing
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strategies or new control strategies, such as data-driven con-

trol techniques, under different environmental conditions (e.g.

building characteristics, geographic locations, occupancy pro-

files, etc.). It also allows to investigate robustness of control

strategies towards occupants’ preferences and varying bound-

ary conditions. Moreover, the methodology can be extended

with other KPIs making it usable for policymakers. This would

make policies tailored on specific boundary conditions possi-

ble. However, it is important to note that further research is

required before full adaption of this methodology.

4.2. Future Research

Future research may expand the conclusions by incorpo-

rating additional concepts into the evaluation and exploring a

broader range of boundary conditions, such as including differ-

ent weather profiles and control strategies. This expansion aims

to provide more general insights into concept selection. More-

over, the methodology could be used as an assessment frame-

work for evaluating new control strategies under various bound-

ary conditions and occupants’ preferences, which is especially

relevant for data-based control strategies.

Enhancement to the KPI∗ representation could involve inte-

grating more KPIs, such as CO2-emission, primary energy use,

and exergy efficiency, to broaden the criteria considered in the

evaluation.

Addressing the challenge of setting the appropriate values for

parameters like fcosts and the weights in KPIcom f ort(Z, i, j, k, l),

future research could explore objective methods, such as the

Shannon entropy technique [29]. Although this method may

not fully incorporate occupants’ preferences into the decision-

making process anymore, it determines weights based on vari-

ations in different KPIs, offering a more objective weighting

approach.

Moreover, there is potential to integrate the evaluation

methodology into a holistic concept generator, automating the

selection of the most optimal concept for a specific building

characteristics. Additionally, control optimisation could bene-

fit from in-the-loop data-driven techniques that consider occu-

pants’ preferences regarding conflicting KPIs.
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