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Abstract

The HyTES project focuses on developing a novel heating system for Multi-Family houses in
Switzerland, employing a heat pump powered by solar panels. The generated heat is utilised
for Domestic Hot Water and Spacial heating or stored in a Seasonal Thermal Energy Storage
(STES) system, incorporating both latent and sensible heat storage. To identify the optimal system
configuration, an optimisation process is conducted using a pre-existing system model.

This thesis describes an extension of the existing model to encompass an assessment of the system’s
carbon footprint. The global warming potential of the main components is calculated based on their
size/capacity using derived equations from relevant literature.

In addition to the carbon footprint evaluation, the thesis concentrates on developing an optimisation
strategy. A multi-objective optimisation function is formulated to account for three key performance
indicators: minimal system costs, self-sufficiency, and carbon footprint. The function incorporates
specific weighting and normalisation factors.

The optimisation analysis explores multiple variables, including tank types and dimensions, domestic
hot water tank size, number of solar panels, and solar panel orientation. The results of a sensitivity
analysis highlight the substantial influence of the dimensions of the HyTES tank and solar system
variables, while variables related to the Domestic Hot Water tank have a negligible effect.

The preliminary optimisation results illustrate potential outcomes and their interpretations. Three
optimisation scenarios with different levels of self-sufficiency (78%, 84%, 97%) are presented. The
most optimal system of the initial optimisation runs achieved an SS of 78%, falling within the
desired Self-sufficiency range. It boasts the lowest LCOH among the optimised systems and, with
incentives, is almost cost-competitive with oil boilers. Moreover, its GWP is three times lower than
the base case.

A prominent trend shows a significant increase in the HyTES tank volume as self-sufficiency increases.
Furthermore, the results underscore the considerable impact of subsidies and feed-in tariffs on system
costs. An analysis of the main contributors to system costs and carbon footprint across different
scenarios identifies Operation and Maintenance costs and the solar system as the most significant
cost drivers. In contrast, the solar system and grid electricity significantly influence the carbon
footprint. Interestingly, the seasonal thermal energy storage’s contribution to both system costs and
carbon footprint escalates notably at higher levels of self-sufficiency. These findings demonstrate the
utility of the carbon footprint implementation and optimisation strategy for optimising the HyTES
system.
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Nomenclature
Acronyms
HyTES - Hybrid Thermal Energy Storage
TES - Thermal Energy Storage
STES - Seasonal Thermal Energy Storage
PCM - Phase Change Materials
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MADS - Mesh Adaptive Direct Search Algorithm
DHW - Domestic Hot Water
DHW TES - Domestic Hot Water Thermal Energy Storage
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SCC - Storage Capacity Cost
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WEEE - Waste from Electrical and Electronic Equipment
LCA - Life Cycle Assessment
HPC - Heat pump Capacity
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INTRODUCTION

1 Introduction

In this chapter, the overall introduction to the topic is provided. The background is explained,
together with the problem description. Furthermore, the objectives of this master thesis are
explained, followed by the thesis outline.

1.1 Background and problem description

Households in Switzerland are responsible for about a third of the country’s total energy consumption,
with heating accounting for 82% of that energy usage [1]. Over 50% of families in Switzerland live
in multi-family buildings predominantly heated using fossil fuels (70%) [2]. By 2050, to eliminate
heating emissions, renewable energy sources must fully meet heat demand [3].

Incorporating sustainable energy sources into the heating sector would significantly contribute to
Switzerland’s energy goals [4]. Seasonal heat storage technologies must be developed to increase the
share of renewable energy, maximise self-sufficiency, and implement the energy strategy 2050 [5].
Furthermore, the European Technology Platform on Renewable, Heating and Cooling identified
that Thermal Energy Storage (TES) is one of the critical energy technologies for the exploitation of
renewable energy sources in the residential building sector [6].

Seasonal heat storage is crucial in the residential building sector in Switzerland. Examples of these
systems include the multi-family sun houses in Oberburg and Huttwil by Jenni Energietechnik
AG. Jenni Energietecknik places thermally insulated steel tanks in the middle of the buildings,
which solar thermal collectors charge [7]. A study conducted by the Hochschule Luzern, Project
OPTSAIS, assessed the optimisation of this type of hot-water seasonal thermal energy storage
(STES) combined with solar collectors [8] (see Figure 1 for a system representation).

Figure 1: System representation of the OPTSAIS system [8].

This study identified that this type of TES has several disadvantages, including the loss of living
space, unwanted additional heating of the building in summer due to heat losses from the storage
tank, and inflexibility due to the absolute dependence on solar energy. The Project OPTSAIS also
revealed that the ’Levelised Cost of Heat’ (LCOH) for such sensitive seasonal heat storage is high
[8]. One of the main cost drivers for the LCOH is the expensive living space occupied by the tank,
as this is very expensive in Switzerland.

As a direct follow-up on the findings of the OPTAIS project, the HSLU started a new project, HyTES,
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INTRODUCTION

to explore a different heating system combined with STES to heat Multi-Family Houses (MFH).
This heating system overcomes these disadvantages previously identified in the OPTSAIS project
[9]. The new system generates heat using a Heat Pump (HP), mainly powered by photovoltaics
(PV), but when needed by the electricity grid. This gives more flexibility in case of a bad year
for solar power as it can always use grid electricity, reducing the need for an oversized system to
compensate for the worst-case scenarios.

Furthermore, it uses a hybrid STES (HyTES), combining sensible and latent heat storage. Sensible
heat is stored in water, and latent heat in encapsulated Phase Change Material (PCM). This reduces
the storage volume since PCM has a much higher energy density. Instead of placing the STES in
the building, the hybrid STES is placed underground, eliminating the loss of living space and the
unwanted heating in the summer. The system is completely explained in subsection 2.1.

Goal of HyTES project
The main goal of the HyTES project is to find the optimal configuration for the HyTES system
with lowest LCOH. The main boundary conditions for this goal are that the self-sufficiency of space
heating and domestic hot water delivery must be in the range of 70 - 100%, and the system must
be applicable for a representative Swiss Multi-Family House in Bern. This house is specified as an
eight-apartment building with 20 residents.

To explore the hybrid sensible-latent design and its different scenarios, a comprehensive model is
built in C++. An optimiser is implemented on top of that model to find the optimal configuration
for the HyTES system. subsection 2.2 further explains the simulation and optimisation part of the
HyTES project.

1.2 Thesis objective and research questions

Even though the comprehensive HyTES model can already completely simulate the system,
including associated costs and self-sufficiency, the model must still include a calculation method to
determine the system’s carbon footprint to estimate its alignment with the 2050 energy strategy [3].
Furthermore, an analysis is still needed to execute the optimisation. This analysis determines the
specific Key Performance Indicators (KPIs) used in the multi-objective optimisation function, the
optimisation variables, and their realistic ranges (optimisation constraints).

Therefore, this thesis aims to present a complete strategy to optimise the HyTES system without
executing the final, time-consuming optimisation itself, but it will provide initial results focusing on
one type of tank. Several sub-goals can be derived based on this objective:

• Formulate the complete optimisation objective function.

• Determine the relevant optimisation variables of the system (e.g., storage size, amount of PV,
heat pump power) and their optimisation ranges.

• Expand the existing model to consider the system’s carbon footprint in the optimisation.

• Provide preliminary optimisation results on one tank type.

1.3 Report outline

The HyTES project is further described in chapter two. Chapter three presents a literature review,
including the state-of-the-art on the used technologies and optimisation strategies. Chapter four
describes the methodology with the multi-objective optimisation workout, and chapter five presents
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the workout to include the system’s carbon footprint in the optimisation process. The results
are shown in chapter six, which consists of a sensitivity study into the optimisation variables,
determination of normalisation factors, and initial optimisation of the HyTES system with a
Vacuum Insulated Tank. The work presented is then discussed in chapter seven, looking at the
added value and accuracy, reflecting, and thinking about future steps and recommendations for the
HyTES project. Finally, chapter eight concludes the report.
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2 The HyTES project

In this chapter, the workings of the HyTES project are explained further. This gives a better insight
into the HyTES system and how it is simulated and optimised.

2.1 System description

As mentioned before, the system combines a Hybrid STES, PV, and a heat pump to provide space
heating and domestic hot water services to a multi-family house (see Figure 2). The building’s
consumption is mapped using typical consumption profiles (heating and domestic hot water and
electricity requirements). Heat losses via the storage wall are also taken into account.

The building’s PV system serves as the entire system’s primary energy source, powering the residents’
electricity needs and the heat pump. The electricity grid supplements the PV system if there is
insufficient power.

A 3/2-way valve controls the heat sink of the heat pump, which directs a heat flow of 65°C
to the DHW TES or a 50°C heat flow into the underground thermal storage tank (the HyTES
tank). The HyTES tank and the Domestic Hot Water Tank (DHW TES) are separate tanks due
to the requirements from DHW to prevent legionella in drinking water systems. The minimum
DHW temperature in the storage tank can vary from 55-58°C [10], and by separating the tanks,
the HyTES tank can stay at a lower temperature than the DHW temperature standard. This
approach minimises the losses in the HyTES tank over long periods and gives more flexibility for
the independent operation of both services. By keeping the DHW TES as sensible heat storage, it
is able to deliver the high power desired for DHW, compared to a system with latent heat storage.
The DHW tank can be placed somewhere in the building, while the HyTES tank is underground.

The heat pump’s heat sink is used first for DHW, then for Space Heating (SH), and finally for
loading the HyTES tank. To minimise energy and exergy losses, the heat pump and PV directly
supply the necessary energy for DHW and space heating whenever possible. The heat source is the
outside air, which makes the heat pump an air/water heat pump.

The heat flow goes through the HyTES and directly to the space heating for space heating delivery.
The space heating needs a minimum temperature of 40°C, also considered the minimum temperature
of the HyTES. The maximum temperature of the HyTES tank is 50°C, enough for the PCM to
melt (Sodium-Acetate Trihydrate based PCM, melt temperature 48°C) but as low as possible to
minimise heat losses.

The DHW system begins by using cold tap water that is pre-heated with the HyTES tank through
a heat exchanger (HEX 1, in Figure 2). A coupling of STES and DHW TES saves the heat pump
from heating cold tap water to a high-temperature level. It also allows for the DHW TES to be
charged by the HyTES tank, which in turn is charged with solar power, as opposed to the possibility
that the heat pump has to charge the DHW TES on grid electricity fully.

After pre-heating, it flows to the DHW TES or is mixed with the existing DHW to maintain the
maximum temperature of 60°C of the DHW (in case the DHW TES is fully charged to 65°C). The
DHW TES is further heated to a minimum of 55°C (and a maximum of 65°C) by the heat pump
via another heat exchanger (HEX 2).
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Electricity Grid
PV System
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Space Heating

DHW

Tap Water

HEX 2
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50°C

60°C

Electricity

Figure 2: Complete system representation of the HyTES project.

In the event of insufficient energy in the storage (increased heat demand or low solar yield), the
shortfall can be compensated for by drawing from the main power grid through the existing
heat pump, eliminating the need for an oversized heating system or alternative backup solutions.
Moreover, an underground storage tank removes the cost of occupying living space. Excavation costs,
however, increase with increasing tank height, particularly in buried storage tanks, emphasising the
need to reduce the storage volume [8].

Encapsulated PCMs are incorporated in a sensible heat storage system to reduce storage volume and
heat losses (creating the HyTES tank). PCM changes phase at a constant temperature, releasing or
absorbing latent thermal energy. This phase change allows storing energy in a slight temperature
difference and a low maximum temperature, making using a heat pump very interesting. Depending
on the system configuration, introducing PCM capsules in a sensible storage system can achieve
volume reductions of up to a factor of two to five with the same storage capacity [11].

Since seasonal storage systems do not require high thermal power, these storage systems can use large
capsules. Using large capsules positively affects the encapsulation or PCM cost/encapsulation cost
ratio. Salt-hydrate-based PCMs are available in bulk quantities at low prices, making cost-effective
and competitive seasonal storage systems potentially feasible if the PCM is chosen correctly [12].

The proposed design aims to improve traditional solar thermal systems by providing greater flexibility
and reliability in energy supply throughout the year.
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Different underground storages
This project considers three different scenarios of underground storage placement. These scenarios
involve a long Cylinder-like double-walled vacuum-insulated tank (VIT), a spherical storage tank
made of glass-fibre-reinforced plastic (GFRP), and a basement space repurposed for TES using
advanced waterproof thermal insulation material (swissporXPS), as depicted in Figure 3.

(a) Scenario 1: Vacuum
insulated storage

(b) Scenario 2: Spherical-shaped
storage

(c) Scenario 3: Repurposed basement storage

Figure 3: Underground storage scenarios that are considered within HyTES [12].

2.2 Simulation and optimisation

The comprehensive model built in C++ consists of a system model itself (as described in subsection 2.1),
an optimiser software and a pre-and post-processing module (see Figure 4).

System modeling
A system of differential equations is utilised to describe the complex dynamics of each physical
component and their intimate interaction [8]. Ordinary differential equations with time-dependent
component variables are employed to model the PV module and the heat pump. Coupled energy
conservation equations are used to model the thermal hybrid energy storage. The partial models
are interconnected to enable data transmission. Included in this modelling is the calculation of
the LCOH, which considers the investments and operational costs for the system, considering a
lifetime of 20 years. Besides costs, available subsidies and the Swiss feed-in tariff for supplying
back electricity from PV are included. The system model has undergone comprehensive validation
employing various methods by the original authors [12].
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Figure 4: Operation of black box optimiser

Optimiser
To find the optimal configuration for the HyTES system, NOMAD (Nonlinear Optimisation by Mesh
Adaptive Direct search), a black box optimiser, is implemented. The NOMAD software utilises
simulation-based optimisation techniques for tackling various optimisation problems [13]. It is very
suited for black-box optimisation, where the function’s inner structure is unknown to the optimiser.
This feature makes NOMAD particularly suitable for resource-intensive computer simulations, which
often involve complex, non-smooth, or discontinuous functions lacking easily exploitable properties
such as derivatives.

NOMAD’s optimisation objective is defined by a function of relevant KPIs, which are combined as
a weighted sum. The KPI functions can be represented as fi(x), and each of the functions is the
specific calculation of that KPI (e.g. LCOH or carbon footprint). The specific KPIs used in the
multi-objective optimisation function are determined in subsection 4.1.

The goal is to minimise the multi-objective function’s value while observing given constraints.
Mathematically, this optimisation problem is presented in Equation 1, where the optimiser aims to
find the minimum value over a defined solution space (’Ω’). This space contains solutions x satisfying
specific conditions detailed in Equation 2, defined by constraint functions cj(x) (see Equation 3),
each of which should be less than or equal to zero (cj(x) ≤ 0). During the HyTES optimisation, the
constraints are formed by the ranges of the optimisation variables. The functions f(x) and cj(x)
are evaluated through computer simulations to solve the optimisation problem.

min
x∈Ω

F (x) = (f1(x), f2(x), . . . , fi(x)) (1)

7



HYTES PROJECT

Where the solution space Ω is defined as:

Ω = {x ∈ X : cj(x) ≤ 0, j ∈ J} ⊂ Rn, F, cj : X → R ∪ {∞} (2)

Furthermore, j is any number in the set:

j ∈ J = {1, 2, . . . ,m} (3)

NOMADs algorithm optimises by iteratively generating and refining meshes of varying dimensions,
discretising the design space for efficient exploration. The algorithm evaluates each mesh point
representing potential variable values to identify the optimal solution. the algorithm operates
in two main stages: ”Search” and ”Poll”. The Search stage enhances the current optimal
solution by identifying beneficial mesh locations. The Poll stage generates trial mesh points
near the current best solution, underpinning convergence analysis. This robust method allows
NOMAD to effectively navigate complex optimisation scenarios involving non-smooth, non-convex,
or discontinuous functions and uncover optimal solutions.

Pre- and post-processing
The optimisation process incorporates a multi-optimisation function to determine the sizes of
optimisation parameters, which are then passed to the pre-processing stage. Pre-processing generates
the required input .txt-files for the system model. Subsequently, the system model simulation is
initiated. The termination criterion for the optimisation process can be defined as achieving a
”steady state” or reaching a maximum predefined annual repetition limit. In this context, steady
state refers to the condition where the difference in energy content of the storage system at the end
of a year, compared to the energy content at the beginning of the same year, does not surpass a
specific threshold. If the threshold is exceeded, another year is simulated, with the temperature
distribution in the storage tank at the beginning of the year set to match the distribution at the
end of the previous year. Once the simulation of the system model is completed, post-processing
commences. Post-processing utilises the available data to compute the optimisation objective, which
is then returned to NOMAD. Subsequently, a new optimisation pass is initiated. The optimisation
process terminates when either an optimal solution is found, or a predetermined number of passes
has been completed.
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3 Literature review

The literature review provides insights into the hybrid latent-sensible heat storage and multi-objective
optimisation in energy systems.

3.1 Hybrid Latent-Sensible Heat Storage Technologies

Hybrid Thermal Energy Storage combines Sensible Heat Storage (SHS) and Latent Heat Storage
(LHS), offering potential solutions to the constraints of these individual methods. The following
sections delve into the development of hybrid latent-sensible heat storage. A summary of the
examined papers can be found in Table 11 within Appendix A.

Encapsulated PCMs in Water Tanks
Nallusamy et al. (2007) demonstrated that an integrated system incorporating spherical capsules
of PCMs and water in an insulated tank surpassed conventional SHS performance [14]. Further
research confirmed the effectiveness of this approach for solar-powered domestic hot water systems
[15]. Frazzica et al. (2016) experimented with this system on a smaller scale, finding an up to 13%
increase in heat storage capacity compared to standard SHS [16].

Double-Packed Bed Storage
This approach employs solid materials for sensible heat storage and encapsulated PCMs for latent
heat storage within a packed bed. The heat transfer fluid (HTF) during charging or discharging
is air. Adding a small amount of encapsulated PCM on top of the sensible packed bed already
stabilises the outlet temperature of the HTF during discharging. It increases energy accumulation
compared to SHS systems [17]. Geissbuhler et al. (2016) studied industrial-scale high-temperature
(e.g. concentrated solar power storage). They found that combining steel-encapsulated Aluminium
silicon alloy (AlSi12) with a packed bed of rocks reduced material costs for a maximum outflow
temperature drop during discharging, achieving high exergy efficiencies and low material costs [18].
Suresh et al. (2021) designed a novel system using concrete spheres as sensible storage media and
paraffin-encapsulated capsules as latent heat storage media to reduce thermocline degradation in
one-tank storage systems, see Figure 5a [19].

Tank-in-Tank Storage
This method combines water and sodium-acetate trihydrate as PCM within a tank-in-tank system.
The strategic placement of the PCM has shown a stabilising effect on tank temperatures [20, 21].
Lafri et al. (2019) investigated two different positions (either in the inner core or at the outer walls)
for placing the PCM in the storage tank. They found that the PCM at the lateral position of the
tank configuration had more molten PCM than the PCM at the centre of the tank configuration
[21]. A variant of this system featuring an internal spiral heat exchanger within the PCM tank was
proposed by Englmair et al. (2020) [22]. The research suggested intermittent discharge through the
mantle to overcome heat transfer limitations, yielding a more consistent outlet temperature.

A. Frazzica et al. (2023) did the most recent study on hybrid TES [23]. They developed and
experimentally characterised an innovative tank-in-tank hybrid sensible-latent thermal energy storage
system for DHW provision in residential buildings. The system design is a tank-in-tank architecture,
integrating macro-encapsulated commercial PCM inside vertical rods in the external tank for DHW
provision. The results showed that the developed configuration could increase the energy storage
capacity and corresponding DHW provision by up to 16%. The study provides evidence of the
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potential benefits of combined latent-sensible heat storage as a tank-in-tank hybrid system for DHW
provision in residential buildings.

Inverted Shell-and-Tube Configuration
Zauner et al. (2017) proposed a novel design that uses a commercial shell-and-tube heat exchanger
with PCM encapsulated within the tubes and thermal oil as the sensible heat storage and heat
transfer medium [24]. The prototype demonstrated a satisfactory correlation between experimental
findings and computational models.

(a) Double packed bed storage [19].
(b) Sensible storage rods with cascaded encapsulated PCM
storage [25].

Figure 5: Schematic representation of different researched system designs.

Solid Rods and Encapsulated PCM
Ahmed et al. (2019) and (2020) introduced a hybrid system combining sensible heat storage in solid
rod structures and PCM capsules interspersed between the rods [26, 25]. A further innovation was
using cascaded PCM with different melting temperatures along the tank height, offering an efficient
and cost-effective solution [25].

Latent Rods in Sensible Storage Tank
Pop et al. (2021) assessed the thermal performance of large latent rods in a sensible storage tank,
observing a 25% reduction in nominal tank volume while maintaining the required temperature
[27]. Subsequent studies by Frazzica et al. (2022, 2023) on a hybrid system integrating PCM
macro-capsules in vertical rods achieved increased energy storage capacity [28, 23]. Using PCMs in
combination with sensible heat storage systems can be a promising solution to enhance the thermal
performance of DHW systems, leading to significant reductions in storage volumes and increasing
energy storage density.
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Overall, these hybrid latent-sensible heat storage technologies enhance thermal performance, thus
significantly reducing storage volumes and boosting energy storage density. However, this literature
review reveals a research gap in the seasonal application of hybrid TES systems, underscoring the
novelty and potential of the HyTES design. To the best of the author’s knowledge, this confirms
that the HyTES design is working in a gap in the literature.

3.2 Multi-objective optimisation in energy systems

This review targets recent multi-objective optimisation applications in energy system design with
STES, highlighting the relevant optimisation variables and key performance indicators (KPIs).

S.K. Shah et al. (2020) employed multi-objective optimisation for STES, focusing on minimising
life cycle costs (LCC) and Green House Gas Emissions (GHGE) [29]. They incorporated carbon
trading and considered future carbon pricing. They used the optimisation variables of solar collector
area (SCA) and borehole length (BHL). Through multi-objective optimisation, they simultaneously
minimised life cycle cost and GHGE, illustrating a trade-off between them through a Pareto front. A
Pareto front represents the collection of all Pareto-efficient solutions, which implies that an optimal
solution is achieved for a particular weighting of individual objectives, where no action or allocation
can improve one individual’s situation without harming another. The study reveals that a decrease
in GHGE costs leads to an increase in LCC, with the opposite trend also true.

Siraganyan et al. (2019) optimised a decentralised Energy System in Geneva using three KPIs:
Levelised Cost Of Energy (LCOE), self-sufficiency, and carbon footprint [30]. The optimisation was
carried out by varying scenarios with different types of technology, resulting in four scenarios with
varying capacities. The study found that the grid price, the battery, and the solar PV investment
cost reduction had the most significant impact on the LCOE out of all input variables.

V. Tulus et al. (2016) used a multi-objective approach to design a central solar heating plant with
seasonal storage (CSHPSS), integrating TRNSYS software and GenOpt optimisation algorithm
[31]. The decision variables included the solar collector’s aperture area ratio to the total heating
demand and the storage tank volume ratio. The goal was to optimise economic (net present cost)
and environmental (aggregated impact factor) objectives. The authors used LCA principles to
assess the environmental objective on all fronts, which measures the impact caused at every stage in
the energy system’s life cycle.

A set of Pareto points answered the multi-objective problem, representing the optimal trade-off
between economic and environmental objectives. The extreme points of this Pareto frontier are
the so-called anchor points, which correspond to the individual minimum of each objective. The
authors calculated the Pareto solutions via the weighted-sum method, which relies on formulating
an auxiliary single-objective model that optimises a linear weighted sum of the original objectives
[32].

The weighting method assigns weights to the environmental impact (k) and cost (1-k) objectives,
enabling control over the trade-off between the two. The Pareto frontier in Figure 6 was generated
using a range of k values from 0 to 1, in increments of 0.1.
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Figure 6: Pareto set of optimal configurations of a CSHPSS plant [31]. Anchor points A and B are the
minimum cost and minimum impact solutions, respectively; solution C is an intermediate CSHPSS design
obtained with k = 0.5; the base case represents a conventional heating system.

F. Pelella et al. (2023) optimised a residential heat pump system that uses various sources
(air/sun/ground) and thermal storage (either water or PCM), using a genetic algorithm to maximise
the seasonal coefficient of performance (SCOP) and minimise investment costs [33]. Variables such
as the volume of the storage tank, surface area of solar thermal and photovoltaic collectors, surface
area of heat exchangers, electric battery capacity, presence of a geothermal heat exchanger, type of
storage tank (water or PCM), and PCM melting temperature. The objective was to achieve the
highest SCOP and the lowest investment costs. The optimisation results show the investment costs
versus the seasonal coefficient of performance and Pareto fronts for each climate condition studied;
see Figure 7 for one example graph.

Figure 7: Results from Pelella et. al. [33], The comparison between the costs of investing and the SCOP for
Strasbourg plotted with the Pareto front. Point A signifies the solution with the least investment cost, point
C represents the solution with the highest SCOP, and point B represents the solution closest to the Utopia
point, which is depicted as a star.

In conclusion, these studies highlight the efficiency of multi-objective optimisation in enhancing
energy systems design, considering several optimisation variables and KPIs simultaneously. Various
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indicators such as LCC, GHGE costs, LCOE, self-sufficiency, and SCOP were utilised. The Pareto
front was a standard tool to display trade-offs between economic and environmental objectives. One
study also used carbon pricing to optimise Green House Gas emissions [29].
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4 Methodology Multi-objective Optimisation

This chapter presents the desired multi-objective optimisation strategy for the NOMAD optimisation
in the context of the HyTES project. It discusses the relevant KPIs, and the weighting method for
the objectives, presents the complete optimisation objective, and selects the optimisation variables.
Lastly, it describes a base case to compare the results.

4.1 Key performance indicators for optimisation

To define the optimisation objective, it is crucial to identify the appropriate KPIs that align with
the goals of the HyTES project. The primary goal is to optimise seasonal storage for minimal
system costs while maintaining a self-sufficiency range of 70-100% for DHW and SP. Additionally,
reducing carbon emissions in Switzerland is crucial to achieving the 2050 goals to eliminate heating
emissions [3].

System costs
The LCOH is a standard KPI used to measure the average cost of generating a unit of energy
over the system’s lifetime. It considers all costs associated with the system, including construction,
operation, maintenance, and grid electricity. In the context of the HyTES project, the LCOH is
expressed in Swiss Francs per unit of heat (CHF kWh−1).

Self-sufficiency
The client has set self-sufficiency as a boundary condition for optimisation, ranging between 70%
and 100%. Self-sufficiency refers to thermal Self-sufficiency, defined as the percentage of energy
supplied by the system’s generation without relying on the external grid. In the case of HyTES,
it includes all PV-generated electricity used for heat generation by the heat pump. Excess PV
electricity fed back to the grid is excluded. Self-sufficiency can be calculated by dividing the heat
generated with PV electricity by the total heat demand.

Increasing self-sufficiency requires increasing the capacity variables, such as PV panels and storage
capacity, possibly resulting in higher system cost and carbon footprint. However, it decreases
grid electricity usage, associated costs, and the carbon footprint of grid electricity. This gives no
apparent desired direction for self-sufficiency (either towards 70% or to 100%), as it has counteracting
consequences.

Since the client also only specified the range and not whether higher or lower is desirable, it is
proposed to aim for a variable self-sufficiency to address the entire range of self-sufficiency in
the optimisation. Multiple optimisations will run; each optimisation is aimed at a different self-
sufficiency level (between 70% and 100%). This will generate multiple separate optimised systems,
each optimised for minimising the other KPIs and a preferred self-sufficiency level. How this is
archived is elaborated further in Equation 4.2. The client can then evaluate the results of the various
run based on the archived value of the KPIs and corresponding SS to determine which combination
is most preferred.

Carbon Footprint
To align with the project’s goal of reducing Switzerland’s carbon footprint, it is essential to include
the system’s GHGE in the optimisation and aim for the system with the minimum GHGE. This
approach directly incorporates environmental considerations into the system optimisation.
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GHGs encompass various gases, including CO2, nitrogen oxides (NOx), methane (CH4), and
fluorinated gases (refrigerants), among others. To provide a unified measurement, the Global
Warming Potential (GWP) is used, which quantifies the greenhouse effect of a specific gas compared
to CO2 in a 100-year time frame [34]. Therefore, the GWP is expressed in kg CO2-equivalent
(CO2-eq). GWP serves as an indicator to compare and evaluate the environmental impact of different
technologies, contributing to the assessment of sustainability and ”green” qualities. In section 5, a
model implementation for estimating the systems GWP is explained.

To facilitate a comparative assessment with the LCOH, the carbon footprint can also be expressed
in monetary units. This can be achieved through carbon pricing, as demonstrated in the study by V.
Tulus et al. [31]. Carbon pricing attaches a cost to greenhouse gas emissions, incentivising emission
reduction efforts. In Switzerland, the government has implemented a Carbon pricing system, with
a fixed price of 120 Swiss Francs (CHF) per tonne of CO2 as determined by the Federal Office of
Environment. This price can be utilised to express the GWP of the system in monetary terms.
To fully align with LCOH, the GWP in CHF should also be divided by the total generated heat,
enabling measurement in the same unit (CHF kWh−1).

4.2 Weighting factors of Key Performance Indicators

Weighting plays a crucial role in multi-objective optimisation functions as it allows the expression
of preferences and priorities among competing objectives. Assigning weights depends heavily on the
client’s preferences [35].

To accommodate the NOMAD optimisers’ requirement of a single-function problem, the weighted
sum method is used, which represents multiple objectives as a single function. The single objective
function is constructed by summing objective functions fi multiplied by weighting coefficients wi,
as shown in Equation 4. These coefficients are mathematically defined in Equation 5.

min
x∈Ω

F (x) =

j∑
i=1

wi · fi(x) (4)

wi ≥ 0,∀i = 1, . . . , j and

j∑
i=1

wi = 1 (5)

Weights are assigned based on the decision-maker’s knowledge of the problem. However, a weighting
factor should also contain normalisation to ensure fair consideration. The combined weighting factor
is described as Equation 6, where pi represents the assigned weights and θi denotes the normalisation
factors [36].

wi = pi · θi (6)

Weighting factors
The weighting factors (pi) steer the optimisation towards a particular desired outcome. As mentioned
earlier, the desired outcomes mainly revolve around a variable SS (between 70% and 100%). In
order to set up the optimisation function for various levels of SS, a total weighting factor of 1 (100%)
can be divided over weighting factors for the KPIs. By putting a more significant emphasis on
the SS, by increasing the SS weighting factor ’pSS ’, the optimisation results in higher levels of SS.
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Determining the appropriate weighting factors in advance is unrealistic, so a parameter sweep of
pSS is necessary to find the suitable values corresponding to certain SS levels.

Regarding the optimisation goals for LCOH and GWP, the weighting factors are denoted as pLCOH

and pGWP , respectively. The remaining weighting value is evenly split between these two objectives,
as shown in Equation 7. This distribution is considered fair since both objectives are expressed
in the same unit, and the normalisation factors, θi, equalise their magnitudes (explained in the
following subsection).

pLCOH =
(1− pSS)

2

pGWP =
(1− pSS)

2

(7)

Normalisation factor
The normalisation method described by O. Grodzevich et al. (2006) determines the normalisation
factor, adjusted for this specific optimisation [36]. The method exploits variances in optimal function
values to define optimisation boundaries by identifying two key points within the solution set: the
Utopia and Nadir points.

The Utopia point (U) represents the theoretical best value for each objective. Its components (zUi )
are calculated using Equation 8, which determines the optimal solution for each objective function
(fi). While the Utopia point is often unattainable due to conflicting objectives, it provides the lower
bounds of the Pareto optimal set.

zUi = min
x

fi(x) : x ∈ Ω (8)

Conversely, the Nadir point (N) represents the least favourable outcome for each objective. Its
components (zNi ) are calculated using Equation 9, which finds the maximum values of the objective
functions.

zNi = max
x

fi(x) : x ∈ Ω (9)

To find this project’s Utopia and Nadir points, the NOMAD optimiser is executed three times,
using Equation 10. With pLCOH = 1, the optimisation finds the lowest LCOH and its corresponding
GWP and SS. Similarly, with pGWP = 1, the optimisation identifies the minimum GWP and
its corresponding LCOH and SS. Finally, it is run for pSS = 1, which finds the highest SS and
the corresponding other values. The pinpointing of the Nadir and Utopia points is shown in
subsection 6.2.

min
x∈Ω

F (x) = pLCOH · fLCOH + pGWP · fGWP + (1− pS) · fSS

for:

pLCOH = 1, pGWP = 0, pSS = 0

pLCOH = 0, pGWP = 1, pSS = 0

pLCOH = 0, pGWP = 0, pSS = 1

(10)
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The normalising method leverages the differences in optimal function values between the Nadir
and Utopia points to calculate the normalisation factor θi using Equation 11. This normalisation
scheme ensures optimal normalisation results, bounding objective function values between 0 and 1
(see Equation 12).

θi =
1

zNi − zUi
(11)

0 ≤ fi(x)− zNi
zNi − zUi

≤ 1 (12)

Computing normalisation weights is a process that involves solving optimisation problems to secure
specific values. This task, though, can be computationally demanding, especially when dealing with
more intricate problem types. Nevertheless, finding exact solutions for each optimisation problem
is only sometimes a necessity [36]. Knowing the estimates of Utopia and Nadir points makes it
possible to derive suitable normalisation factors. Modifications and relaxations can be utilised to
counter the computational burdens. For instance, the parameters of the optimisation solver can be
adjusted, like enlarging tolerances or duality gap criteria, to decrease the time taken for solutions.
Another method, called ’relaxing constraints’, can also be used to ease the computational load. This
involves loosening or eliminating ’hard’ constraints.

4.3 Complete optimisation objective

The complete optimisation function integrates the KPIs, weighting factors, and normalisation into a
single objective function. This function, denoted as F (x), represents the objective to be minimised
during the optimisation process. The function is expressed as Equation 13.

min
x∈Ω

F (x) =
(1− pSS)

2
· θLCOH · fLCOH +

(1− pSS)

2
· θGWP · fGWP + pSS · (1− fSS) (13)

The optimisation Equation 13 encapsulates the multi-objective nature of the problem, providing
a comprehensive representation of the objectives and their relative importance. The NOMAD
optimiser uses this function to iteratively search for the optimal solution that minimises the overall
objective, considering the trade-offs between LCOH, carbon footprint, and self-sufficiency.

4.4 Optimisation variables

The optimisation process involves a variety of variables, each influencing the system’s overall
performance. These variables are adjusted through an iterative process until the optimiser determines
the system configuration that optimally satisfies the multi-objective function. As described in
section 2, the model used for simulation is an extensive model with numerous parameters. Despite
the sheer number of these parameters, most cannot be manipulated as they are present in the model
(examples include PCM-related parameters, component specifications, lifetime, financial parameters,
and building-related parameters) or are internally computed (such as PCM packing density, thermal
losses, and the heat pump’s Coefficient of Performance).

It is essential to keep the number of variables as small as possible, given that optimisation run time
tends to increase with the number of variables exponentially. The following possible optimisation
variables are identified:
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• HyTES tank type

• HyTES size (Height, Diameter)

• PCM capsules Packed bed size (Starting position, Thickness)

• Minimum HyTES energy level

• DHW tank size (Height, Diameter)

• Amount of PV panels

• PV orientation (Azimuth and Tilt)

• HP power (Electrical)

HyTES tank
Variables associated with the HyTES tank itself consist of the specific type (as discussed in
subsection 2.1) and its dimensions (height and diameter).

First, the different tank types, varying in material, shape, and implementation, can yield different
operational results. This is because energy losses, PCM capsule packing density, tank costs and
GWP depend on the storage tank type. Further, the tank’s dimensions significantly impact the
thermal energy storage for space heating and preheating domestic hot water while also influencing
the degree of heat losses.

The burial depth mainly limits the optimisation range for the dimensions of the HyTES. The burial
depth and thus the height of the reservoir is limited to 4 m because, from this depth, the burial
costs rise disproportionately [8]. The width of the HyTES is also a limiting factor, as the types
of tanks each have their height and width ratios. As it is impossible to simulate the system with
multiple tanks to consider their individual dimensions limits, it is chosen not to limit the HyTES
tank width based on the height and width ratio commonly found with these tanks. This way, the
optimisation can give the optimised storage volume it needs. Therefore the maximum range for the
height of the HyTES is 4 m, and the width is assumed at a diameter of 10 m. This width is used
for the initial runs; based on the results of the initial runs (see section 6), the maximum could be
increased, or the range can be decreased.

PCM capsules packed bed
The PCM capsules packed bed in the HyTES tank can also be variated. This is done by variating
at which vertical level of the HyTES tank the packed bed starts and which thickness the packed
bed has (see Figure 8). This, for example, could mean that the bottom 50 % of the HyTES tank
is filled with PCM capsules; the rest would be only sensible storage. It could also occur that the
middle is filled and that the filling starts at, for example, 10% of the total height from the bottom
and ends 20% from the top.

The starting point of the PCM is defined as the centre of the packed bed (startPB) relative to the
total height of the HyTES tank, and the thickness of the best is indicated as ThicknessPB also
relative to the total height of the HyTES tank.

18



METHODOLOGY MULTI-OBJECTIVE OPTIMISATION

Figure 8: Definition of packed bed variables

Both startPB and ThicknessPB can be variated for the complete height of the HyTES tank (0 til
100%). However, the ThicknessPB is restricted as described in Equation 14 so that the packed bed
will not exceed the tank at the bottom or the top.

For : 0% ≤ startPB ≤ 50% ⇒
ThicknessPB ≤ 2 · startPB

For : 50% ≤ startPB ≤ 100% ⇒
ThicknessPB ≤ 2− 2 · startPB

(14)

Minimum HyTES energy level
The HyTES system has a control system, a safety measure to ensure enough heat is always available.
When the tank reaches the minimum allowed energy storage level (≤ 10% of maximum storage
capacity) in the HyTES tank, the system is forced to recharge to a certain energy level again,
using grid electricity. This makes sure the system has enough energy again to supply its demand.
To which energy level the system recharges again depends on the system and, therefore, a suited
variable to optimise. The variable is a relative value to the total amount of storage capacity.

It was found during multiple previous optimisation runs that the range of the variable is best to
be kept between 10% and 40% as any recharge level above 40% prohibits the model from reaching
a steady state. This is due to how the model checks for a steady state, which compares the total
energy content of the HyTES with the previous year. As long as this is not equal, the model
simulates another year. When a recharge level above 40% is chosen for the simulation, the energy
content of the HyTES keeps oscillating while never reaching a steady state.
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DHW TES
The optimal DHW TES size can significantly influence the total needed HP power, as the peak
DHW demand can be fully supplied from the DHW TES if sized correctly. Besides the peak demand,
a smaller DHW TES might lead to a more significant reliance on the heat pump (preheated by the
HyTES tank) during low solar power periods, necessitating grid electricity.

For the range of the DHW TES, the average DHW consumption and the product catalogue of a
DHW TES supplier are used. In Switzerland the average DHW consumption per resident is about
50 l of hot water at 60 °C per day [10]. The reference building has 20 residents, so they consume 1
m3 pf DHW of 60°C (same temperature as the DHW TES) combined. According to the product
overview of the DHW TES builder ’Sirch’, this translates to a tank with a height of 2 m and a
diameter of 0.8 m [37]. However, it is more likely that the tank needs to be more significant because
the consumption and charge profiles might not be in optimal relation. Besides that, as the DHW is
discharged, the temperature can decrease, requiring more water than the exact amount. As the
DHW TES in the HyTES system is coupled with the HyTES tank, it is also possible that the
optimal size might be slightly less. Therefore, the ranges of the DHW TES are assumed to be the
same as the ranges of the standard DHW TES tanks of Sirch [37]. The minimal tank is 0.5 m3 or
(h x d) 1.7 x 0.5 m, and the maximum size tank is 5 m3 or 2.2 x 1.8 m.

PV system
As the primary energy supplier, the PV system has several potential optimisation variables. However,
the model’s authors already fixed the specifics of the PV panel itself beforehand (Suntech Ultra S
mini [38]). In Table 1, the main properties of the panel are shown.

Table 1: Overview of properties of Suntech Ultra S mini [38].

Properties Value

Maximum Power [kWpeak] 380

Efficiency [%] 20.8

Solar cell [-] Monocrystalline silicon

Height [mm] 1756

Width [mm] 1039

Thickness [mm] 35

Weight [kg] 20.3

Thus, the possible optimisation variables are the number of panels used and the panel orientation,
both the Azimuth (horizontal angle, ϕ) and the tilt (vertical angle, α). The number of PV panels
directly indicates the system’s power capability. An increase in panels converts more solar energy
into electricity, enhancing the system’s energy self-sufficiency. Nevertheless, it also adds to the
system’s cost and GWP, necessitating a balance.

PV panel orientation plays a pivotal role in maximising solar energy capture. The location dictates
the optimal orientations depending on local climate conditions, solar path, and the sun’s angle
throughout the year. Therefore, finding the ideal orientation ensures optimal utilisation of the PV
system across all seasons. The Azimuth and the tilt can be adjusted since the MFH used for the
HyTES project is considered to have a flat roof. This was determined in the OPTSAIS project,
where this reference building was already specified. The study’s building features analysis relies on
information from the ’Swiss Federal Statistical Office’ and the building guidelines from the Bern
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and Zürich cantons [8]. The authors specified that the average MFH has a flat roof with a total
available roof area of 264 m2. This total available roof area also determines the maximum number
of panels (MaxPV ) that can be used in the system.

However, the maximum amount of panels and the panel orientation also depend on each other. This
is due to their shade when placed at a tilt angle. With an increasing tilt angle, the distance between
the rows of panels has to increase to prevent shade for the row in front. This reduces the maximum
amount of panels that can be used. This gives it a trade-off; on the one hand, the maximum amount
of panels has the most considerable potential to generate electricity. However, the low tilt angle
may give a low efficiency during winter when the sun has a low elevation.

On the other hand, an optimal tilt angle for wintertime significantly reduces the maximum amount
of panels. In order to properly take this into account, the upper range limit for the number of panels
is determined on the Azimuth and Tilt angle, as well as the available roof area (Aroof ) of 264 m2.
The actual amount of used panels will be a relative value of this maximum, varying from 0 to 100%.

To calculate the upper range limit for the number of panels while considering shade, the maximum
allowable PV panels on the roof must be calculated for the December Solstice in Bern, when the
solar elevation is at its lowest. In Figure 9, a visual representation is given of the calculation. To
determine the maximum allowable PV panels on the roof, each panel’s actual needed surface area,
including its shade, is needed. The panels are assumed to be placed in a landscape position. The
length of the panel (LPV ), therefore, is the indicated height in Table 1. The total width of a row of
panels (Wrow) is variable and calculated by Equation 15 [39].

Figure 9: Visual representation of calculating the total row width based on the PV orientation.

In Equation 15, the first half of the first term ( ∆h
tan δ ) calculates the width of the shade thrown

by the effective height of the panel (∆h), at the chosen solar elevation (δ). The second half
(cos(ϕPV − ϕsolstice)) takes into account the difference in ϕ between the sun at the minimum
elevation (δ) taken into account. As the sun reaches the same height twice daily (dawn and dusk),
the minimum elevation (δ) is reached twice at two different azimuths. Therefore, the smallest
difference is always taken into account. For example, when the solar panels have an ϕPV = 210°,
the Azimuth of sun dusk is considered to calculate the difference in azimuth angle.
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The second term calculates the PV panel’s effective width (∆W ). Combined, they form the total
width of a row of panels (Wrow).

The WPV is the indicated width in Table 1. During the December Solstice, it is assumed that the PV
systems need to be out of the shadow between 9 AM and 3 PM, corresponding to a solar elevation
(δ) of 10° at the azimuth (ϕsolstice) of 140° for sun dawn and 220° for sun dusk [40]. The Tilt angle
(α) and PV Azimuth (ϕPV ) are two variables the optimiser determines. This is all summarised in
Equation 16.

WRow =
∆h

tan (δ)
· cos(ϕPV − ϕsolstice) + ∆W

With :

∆h = WPV · sin(α)
∆W = WPV · cos(α)

(15)

WRow =
WPV · sin(α)

tan (δ)
· cos(ϕPV − ϕsolstice) +WPV · cos(α) ⇒

WRow =
1.039 · sin(α)

tan (10)
· cos(ϕPV − ϕsolstice) + 1.039 · cos(α)

(16)

The total width of a row of panels can then be used to calculate the maximum amount of PV panels
using Equation 17. In this equation, the roof area (Aroof ) is divided by the total surface area of a
PV panel, including shadow, giving the amount of PV panels based on the Tilt angle and Azimuth.

MaxPV =
Aroof

WRow ∗ LPV
⇒

MaxPV =
264

WRow ∗ 1.756

(17)

The range of the Azimuth is derived from the path of the sun. The sun comes up in the East
(ϕ = 90°) and sets in the West (ϕ = 270°). Therefore, those are also considered the minimum and
maximum values for optimising the Azimuth variable. As for the Tilt angle of the panels, this can
range from α = 0° to α = 45°; otherwise, the shading would become too large during wintertime.

Heat pump
The possible optimisation variables of the air source heat pump are reduced to the max electrical
power in the model, indirectly dictating the maximum heat output (together with the internally
calculated COP). By varying the electrical power, the model sizes the heat pump on all fronts,
influencing factors like cost, GWP, and ability to charge the HyTES tank. Thus, the selected
electrical power level affects the system’s overall operation.

The initial range of the electric power of the HP is assumed to be from 2 kW to 20 kW. These
values are used for the initial runs, and based on the results of the initial runs (see section 6), the
maximum could be increased, or the range can be decreased. This range is well within the maximum
range of available air source heat pumps [41].
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Overview of optimisation variables
In Table 2, all the variables and the corresponding ranges are summarised.

Table 2: Overview of the ranges for the optimisation variables

Properties Lower bound Upper bound

HyTES tank height [m] 1 4

HyTES tank width[m] 1 10

PCM packed bed starting position [-] 0 1

PCM packed bed thickness [-] 0 1

Minimum HyTES energy level [-] 0 0.4

DHW tank height [m] 1.7 2.2

DHW tank width [m] 0.5 1.8

Relative amount of PV panels [-] 0 1

PV Azimuth angle [°] 90 270

PV Tilt angle [°] 0 45

Electrical power HP [kWelec] 2 20

4.5 Base case

To provide better insights into the meaning of the values of LCOH and GWP, it is essential to
establish a reference point by comparing these values to a base case. Considering that fossil fuels,
mainly fuel oil, are predominantly utilised for heating in multi-family houses, the base case involves
comparing the HyTES system against using fuel oil boilers [2].

Levelised Cost of Heat of an oil boiler
An extensive study was performed by M.J.S. Zuberi et al. (2021) about the potential cost of various
heating systems in Switzerland’s residential areas [42]. Their study showed that the LCOH of
different heating technologies for MFH hardly differed throughout the cantons. In Figure 10, they
presented an overview of the different investigated heating technologies in MFH in Switzerland for
three different residential areas: urban, suburban, and rural. Figure 10 shows the LCOH of an oil
boiler to be 0.14 CHF kWh−1 for an MFH in an urban area. This study assumed an operational
lifetime for the boiler of 20 years. It also has to be noted that this study did not consider the
projected increase in oil prices. Therefore, the LCOH of 0.14 CHF kWh−1 could be considered a
best-case scenario.

23



METHODOLOGY MULTI-OBJECTIVE OPTIMISATION

Figure 10: Levelised Costs Of Heat for different heating technologies in multi-family houses in Switzerland
(WSHP = Water Source HP, GSHP = Ground Source HP, DHN = District Heating Network and IEH =
Industrial Excess Heat) [42].

Global Warming Potential of an oil boiler
To calculate the GWP of an oil boiler, it is assumed that the GWP induced by the boiler itself is
negligible compared to the GWP from the fuel. According to the Bundes Ampt für Umwelt, the
emission factor of Light fuel oil used in oil boilers is 0.265 kg CO2−eqkWh−1 [43]). This value has
to be adjusted for the efficiency of an oil boiler. M.J.S. Zuberi et al. (2021) specified the average
efficiency of an oil boiler to be 83% [42]. Finally, as the preferred unit in this optimisation is CHF
kWh−1, to align with LCOH, the emission factor need to be multiplied by the carbon price of CHF
120 per tonne of CO2. Equation 18 shows that the final GWP of an oil boiler (GWPOB) is 0.03831
CHF kWh−1.

GWPOB =
0.265

0.83
∗ 0.120 = 0.03831 CHF kWh−1 (18)
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5 Global Warming Potential Model Implementation

This chapter describes the methodology for integrating an GWP estimation into the existing
simulation model. It evaluates the GWP throughout the life cycle of main components, including
the PV system, heat pump, various Hybrid Thermal Energy Storage units, and the DHW TES.
It excludes aspects like heat distribution systems, heat exchangers, valves, and piping since their
contribution is assumed to be negligible compared to the main components.

The system’s GWP is split into production and disposal, and operational phases. The production
and disposal GWP is fixed, determined by component size, and unaffected by system operation,
and the operational GWP is influenced by grid electricity use.

This chapter first examines and parametrises each component’s fixed GWP of production and
disposal. It then accounts for the operational phase’s GWP concerning grid electricity use before
finally integrating all data and functions into the model.

5.1 PV panels

The GWP of PV panels over their lifetime is independent of their use phase; whether a panel
produces much electricity or not, the GWP remains precisely the same [44]. Therefore, the GWP
per installed kW peak (kWp) is used to consider the GWP of PV panels. Using GWP kWp−1

allows for a scalable value, depending on system size instead of electricity production. A report
from the ’International Energy Agency: Photovoltaic Power Systems Program’ by R. Frischknecht
et al. did a complete Life Cycle Assessment (LCA) on photovoltaic systems in Europe in 2020 [45].
The model uses their results as the source to determine the GWP of the PV system.

The assessment covers an average residential PV system of 3 kWp roof-mounted PV system in
Europe. The scope of the assessment includes the PV panel, cabling, mounting structure, inverter,
and system installation. The life cycle stages of the PV system evaluated in the assessment include
manufacturing, transport, installation, use, and end of life, including dismantling, recycling, and
waste management. The assessment analysed the following four PV module technologies with
their corresponding efficiencies: Cadmium-Telluride (CdTe, 18%), Copper-Indium-Gallium-Selenide
(CIS/CIGS, 16%), Multi crystalline Silicon (multi-Si BSF, 18%), and Monocrystalline Silicon
(mono-Si BSF, 19.5%).

The lifetime of the PV system is 30 years for panels and 15 years for the inverter, with linear
degradation of the electricity output of 0.7% per year. The assessment considers the initial annual
production of the PV system, which is 975 kWh/kWp. It was also their conclusion that almost all
emissions of a PV system are related to the manufacturing of the system.

Additional research showed that the amount of g CO2−eq kWh−1 that was found for the Silicon-
based panels is in line with other reviews [44], [46], [47]. In addition, the Swiss Federal Office for
the Environment determined a comparable GWP for solar energy in Switzerland. In 2018, they
calculated the average GWP for solar energy to be 0.0417 kg CO2−eq kWh−1 [48], which is also in
line with the other findings.

As earlier said, the desired functional unit of the GWP is per kWp instead of their used GWP
per kWh. However, this is easily calculated based on their results and boundary conditions. To
calculate the GWP per kWp, the found g CO2−eq kWh−1 for each technology is multiplied by the
assumed total produced electricity over the 30-year lifetime, see Equation 19.
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Total Electr. =

30∑
i=1

PR× (1−ADR)i (19)

Where PR represents the initial energy production rate in kWh per kWp at peak performance
(975 kWh kWp−1), and ADR represents the annual degradation rate as a percentage (0.7%). The
expression (1 − ADR)i represents the fraction of energy produced relative to the previous year,
considering the annual degradation rate. When multiplying this with the CO2−eq kWh−1 for each
technology, the following total GWP per kWp over their lifetime is:

• CdTe: 696.4 kg CO2−eq kWp−1

• CIS/CIGS: 954.0 kg CO2−eq kWp−1

• Multi-Si: 1111.7 kg CO2−eq kWp−1

• Mono-Si: 1116.9 kg CO2−eq kWp−1

To calculate the amount of GWP attributed to the PV system, the above values can be multiplied
by the total installed max power of the system.

In conclusion, various PV technologies have different GWPs, with mono-Si exhibiting the highest
due to its energy-intensive production process. Consequently, when implementing large amounts of
PV panels and much free space, it could be worth using less efficient PV panels with a lower GWP
to reduce the system’s GWP.

5.2 Heat pump

Research on various heat pump types and their GWP shows that their GWP is mainly influenced
by the electricity consumed during their operational lifetime rather than the construction of the
pump itself [49], [50], [51], [52]. The GWP can differ significantly across regions due to regional
variations in electricity GWP. Heat pump construction and end-of-life (EOL) contribute only 2-4%
to the total GWP [50], [51], [52]. However, their importance increases with lower electricity GWP.

The GWP of heat pumps was evaluated using data from Switzerland’s Federal Office for the
Environment (FOEN), which provides inventories for 7, 15, and 50 kW air-water heat pumps [53].
The components are primarily made of steel and copper, and the material amounts are determined
by scaling based on average weights from various pumps.

Energy data for production was obtained from heat pump producer Viessmann Werke GmbH [54].
Standard transport distances were assumed following the Ecoinvent methodology [55]. Recyclable
materials include steel, copper, and coolant R410a, while non-recyclable materials are incinerated.
Refrigerant emissions result from 3% filling loss during manufacturing and 19% disposal, totalling
22%. Other emissions are electrical input converted to waste heat.

Heat pumps are disposed of according to EU standards as industrial devices to Waste from Electrical
and Electronic Equipment (WEEE) and hazardous waste incineration. 85% of the initial refrigerant
input is disposed of, assuming a 15% loss. The remaining metal fragments are recycled.

The LCA results from FOEN for each heat pump capacity are shown in Table 3. These values can
predict the GWP of other capacities, assuming the same trend applies.
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Table 3: Overview of the total GWP of the three investigated heat pump capacities (HPC) excluding the
use phase [53].

No. HPC (kW) GWP (kg CO2−eq)

1 7 3,060

2 15 3,670

3 50 13,700

A quadratic equation calculates the trend line; see Equation 20. Refer to subsection C.1 for
the determination of the equation. The generated quadratic equation of Figure 11 is plotted in
Equation 20.

GWPHP (HPC) = 4.8912 ·HPC2 − 31.356 ·HPC + 3039.8 (20)
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Figure 11: Plot of GWP for various HPCs according to Equation 20 over the known data points [53].

Heat pump refrigerants can contribute significantly (up to 20%) to the Global Warming Potential
(GWP) due to leakage during their lifetime and at EOL [50]. This contribution varies with refrigerant
type and quantity. For instance, in 2019, most heat pumps used R410A and R134A refrigerants,
which have GWPs of 2088 and 1430 CO2−eq, respectively [56]. However, emerging refrigerants
R32 and R290, with notably lower GWPs (704 and 0.02 CO2−eq), are increasingly in use [56], [57].
Hence, choosing a refrigerant type can significantly impact a heat pump’s GWP.

5.3 Heat storage

The GWP of heat storage is assessed across several scenarios, including the separate DHW storage
tank and three variations of sizeable underground storage. The GWP determinations for the DHW
storage, VIT storage, and PCM capsules are based on an internal LCA study by L. Sztranyovszky
titled ’Comparative life-cycle assessment of energy storage technologies for photovoltaic-heat pump
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systems of single-family houses’ (see Appendix B). This study, similar to HyTES but on a smaller
scale, uses a cradle-to-grave system boundary, excluding the use phase. It applies two system models
- cut-off and consequential - with Ecoinvent EF3.0 as the primary Life Cycle Impact Assessment
(LCIA) method, supplemented by ReCiPe 2016 (H) and Cumulative energy demand methods for
comparison. Version 3.8 of the Ecoinvent database served as the primary data source.

DHW storage tank
The DHW storage tank in the HyTES project is assumed to be the same type of tank used in the
LCA on the DHW storage tank done in Appendix B. The used tank has a 2.5mm thick wall of
stainless steel (18/8) and a volume of 600l. Furthermore, the tank has a 120mm layer of glass wool
insulation. At the EOL, LCA assumes that the steel is recycled as mixed metal scrap, glass wool is
landfilled, and the rest is incinerated.

The LCA indicated that an insulated tank of 600l has a GWP of 770 kg CO2−eq (GWPT600l). To
parameterise this, it has to depend on the vessel’s volume. The surface area is assumed to scale
linearly with the used materials. Furthermore, it is also assumed that the GWP scales linearly with
the used materials. However, because the volume of a tank and its surface area do not necessarily
linearly scale, a non-linear trend function of this relation is necessary. The calculations use the
product range of a prominent hot water tank supplier [37] to calculate this trend, which lists the
dimensions of their hot water. The calculations for the surface area assume that the tanks are ideal
cylinders. See Table 4 for the data points.

Table 4: Overview of dimensions of DHW tanks from Sirch [37].

Type: 550 800 1000 1500 2000 3000 4000 5000

Volume, V (l): 536 812 952 1495 1936 3068 3945 5131

Tank diameter, D (mm): 650 790 790 1000 1200 1500 1500 1800

Height, H (mm): 1720 1780 2070 2020 1840 1880 2380 2210

Surface area, A (m2) 4.18 5.40 6.12 7.92 9.20 12.39 14.75 17.59

This dataset, consisting of eight data points (V1, A1), (V2, A2), ..., (V8, A8), is then used to calculate a
polynomial trend line of the surface area. After analysis, it is determined that a 4th-order polynomial
provides the best fit for interpolating the data. The desired trend line is given as Equation 21,
a 4th-order polynomial to calculate the surface area of a DHW tank as a function of its volume
(ADHW (V )). Refer to subsection C.2 for the mathematical proof. The trend line is plotted against
the known data points of Table 4 in Figure 12 to validate the accuracy, which shows a good match.

ADHW (V ) = −3.7019·10−14 ·V 4+4.5636·10−10 ·V 3−2.0559·10−6 ·V 2+0.0067483·V +1.0958 (21)
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Figure 12: The trend line plotted over the known data points from Sirch [37].

With Equation 21, the relation between the volume of a DHW tank and its surface area is known. To
draw up an equation for the GWP of a DHW water tank as a function of the volume (GWPDHW (V )),
Equation 22 is used. In this equation, the known GWP of the 600l tank is divided by the calculated
surface area of that tank. That value is then multiplied by the desired surface, a function of the
volume, using Equation 21. This results in the following relation, see Figure 13.

GWPDHW (V ) =
GWP600l

ADHW (600)
·ADHW (V ) (22)
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Figure 13: GWP of a DHW tank depending on the volume.
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Encapsulated PCM
The HyTES project employs High-density Polyethylene (HDPE) capsules filled with a Sodium
Acetate Trihydrate (SAT) based PCM, identical to those used in L. Sztranyovszky’s internal LCA.
Each capsule has an outer volume of 0.135l and contains SAT, Glycine, Borax (anhydrous), and
HDPE. A unique inventory was created for the production process due to the unavailability of
reliable SAT production data (refer to Appendix B).

Sztranyovszky’s LCA includes the manufacturing process, which involves injection and blow moulding
using virgin HDPE granulation, PCM mixing and filling, and logistics. It assumes separate
management of plastic and PCM waste post-use, with the latter going to landfills as inert waste
(refer to Appendix B for the complete LCA).

The study showed a GWP of 488 kg CO2−eq per 1000 (0.135 l each) capsules, and it was assumed
that GWP linearly scales with capsule volume. The calculations are described in Equation 23, and
Figure 14 verifies the assumption, showing that 90% of the GWP is due to the volume of used
materials. Hence, deviations will be slight for minor variations in capsule volume.

GWPCap(Vcap) =
(
GWP1000−capsules

1000 )

0.135 · 10−3
· Vcap (23)

Figure 14: Main contribution for GWP of COWA capsules according to L. Sztranyovszky, Appendix B.

To take the capsules into account for the different storages in the modelling of the system, the about
of capsules needs to be known, which depends on the storage volume (V) and packing density (PD).
Since these are variables which the model calculates, they are also variables in these equations.
Equation 24 describes the GWP of the capsules per volume of storage (GWP1000−capsules). Here
the GWPCap(VCap) is multiplied by the number of capsules, which is the total volume multiplied
by the PD, both divided by the VCap.

GWPCapsules(V, VCap, PD) = GWPCap(Vcap) ·
V · PD

Vcap
(24)
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Based on this equation, the VCap is not a variable in the GWPCap since calculating the number of
capsules divides it away.

Vacuum-Insulated Tank
The first considered underground storage is the VIT. During this project, the Sirch Vacutherm is
used [58]. To estimate the GWP of the production of such storage, the two main components are
taken into account, the PCM capsules and the vessel containing them. The estimation is made as a
function of the storage volume to implement it in the parameterised model of the HyTES project.

Data from the LCA of L. Sztranyovszky is used again to consider the production of the tank. Besides
the GWP of the 600 l storage tank, the study also specifies the weight of the steel tank. When
the GWP600l is divided by the weight (90kg), a constant of GWP per kg of the storage tank is
generated (GWPV IT−weight, in kg CO2 kg−1

V IT−tank). To use this for the VIT, the GWP per kg
of VIT is assumed to be double that of the 600 l tank. The GWP is doubled because the VIT is
vacuum insulated, meaning it has a double layer of steel.

GWPV IT−weight = 2 · GWP600l

W600l
= 2 · 770

90
= 17.12 (25)

Next, the weight of the VIT must be parametrised. The parametrisation is done with data from
the ’tank configurator’ of Sirch standard tanks, which specifies the weights for many tank volumes
[59]. The function of the storage volume is based on this data, using the weights and corresponding
volumes to generate a second-order polynomial trend line. This data is plotted in a spread plot, like
in Figure 15, on which quadratic regression was applied to create WeightV IT (V ).
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Figure 15: Trendline based on known data points from Sirch [59].

Finally, both Equation 25 and WeightV IT (V ) can be combined with the GWp of the capsules to
calculate an estimate of the GWP of VIT; see Equation 26. This equation is not an exact way to
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consider the GWP of the VIT system, as it only roughly considers the vessel production and not,
e.g. the vacuumisation. However, it gives an estimation of the purpose of this study.

GWPV IT (V ) = GWPV IT−weight ·WeightV IT (V ) +GWPCapsules(V ) (26)

Spherical-Shaped Storage tank
The Spherical-Shaped Storage Tank (SSST) that is considered for the HyTES project is the Enersafe
storage tank, see Figure 16 from Energy4Me [60]. The tank consists of two layers of Glass-Fibre
Reinforced Plastic with a thickness of 7mm each, with a vacuum in between, and a 25cm layer of
Polyurethane Foam (PUR).

Figure 16: Spherical-shaped storage enerSAFE from Energy4Me [60].

To determine the GWP of this storage, the GWP of both the tank and its insulation, together
with the PCM, is considered. First, the cradle-to-grave GWP of both the GFRP and the PUR is
determined. The vessel is assumed to be a perfect sphere with one layer of 14mm GFRP. To estimate
the GWP of the GFRP, an Environmental Product Declaration (EPD) for GFRP pipes is used [61].
It is assumed that the production of a spherical tank is similar in GWP to the production of large
GFRP pipes. The system description of the production of GFRP pipes involves five stages: raw
material preparation and transport, manufacturing, transport to the construction site, installation,
and disposal. The disposal stage involves landfill, with 25% of the waste used as an inert filler
(possible recycling benefits excluded). The other stages involve assumptions about fuel consumption,
transport distances, and installation times. This EPD declared that the GWP per one tonne of
GFRP is 2426.04 kg CO2−eq [61]. Based on an average density of GFRP of 2500 kg m−3 [62], the
GWP per cubic meter is (GWPGFRP ) 970.42 kg CO2−eq m−3

GFRP.

For the PUR insulation, an EPD is used [63]. The EPD of polyurethane insulation spray foam
considers the entire life cycle, from obtaining the raw materials to delivering the finished product to
the manufacturer’s location. The LCA also encompasses transportation to the construction site,
application of the foam, and the disposal of the foam once it is no longer needed (no recycling
benefits). The results show a GWP of 541.27 kg CO2−eq m−3

PUR of PUR per cubic meter (GWPPUR)
m−3

PUR [63].

Both the GWP of GFRP and the PUR can be calculated based on the volume of a spherical
shell (Vh(V )) as a function of the inner volume of the storage (V ) and the known Thickness’ T’.
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Equation 27 gives this function, which is derived in subsection C.3.

Vh−GFRP (V ) =
4

3
· π · ( 3

√
3 · V
4 · π

+ T )3 − 4

3
· π · ( 3

√
3 · V
4 · π

)3 (27)

For the GWP of the GFRP, this function can directly be used, with T=0.014m. However, since the
PUR is on the outside of the GFRP, the thickness of the GFRP has to be added to the inner radius.
Adding this to the original Equation 27 gives the new function described in Equation 28.

Vh−PUR(V ) =
4

3
· π · (( 3

√
3 · V
4 · π

+ 0.014) + T )3 − 4

3
· π · ( 3

√
3 · V
4 · π

+ 0.014)3 (28)

To calculate the complete GWP of the Spherical-Shaped Storage Tank, the earlier mentioned
GWPGFRP and GWPPUR are multiplied with, respectively, Equation 27 and Equation 28. Both
are added together with the GWPcapsules of Equation 24, giving the complete function as shown in
Equation 29.

GWPSSST (V ) = GWPGFRP · Vh−GFRP (V ) +GWPPUR · Vh−PUR(V ) +GWPCapsules(V ) (29)

Repurposed Basement Storage
For the Repurposed Basement Storage (RBS), swissporXPS is used as advanced waterproof thermal
insulation material to isolate existing basements. SwissporXPS is a product from a former HSLU
project GEAS [64]. For calculating the GWP of this type of storage (GWPRBS , the GWP of the
XPS (GWPXPS) is combined with the GWP of the encapsulated PCM (GWPCapsules).

The GWP can be found using the EPD of swissporXPS [65]. Which calculates the GWP for the
manufacturing phase up to the factory gate till the transport and waste treatment phase at the end
of the life cycle (Excluding possible recycling reductions). This gives a GWP of 8.85 kg CO2−eq

kgXPS. With a specified density of 34.3 kg m−3, the GWP per cubic meter (GWPXPS) is 303.56 kg
CO2−eq mXPS

−3.

The surface area has to be considered to calculate the GWP attributed by the XPS since this is
where the insulation is. The basement is assumed to be a cuboid with an unknown base plane but
an assumed known height (h) of 3 m to calculate the surface area. Based on subsection C.4, the
cuboid surface area Acuboid(V ) can be calculated using Equation 30. The surface area is multiplied
by the insulation thickness (T) to calculate the amount of insulation, resulting in the volume of used
insulation (VXPS(V )). By adding the GWPCapsules(V ) of Equation 24, Equation 31 can be derived.

Acuboid(V ) =
2 · h2

V
+

4 · V
h

(30)

GWPRBD(V ) = Acuboid(V ) · T ·GWPXPS +GWPCapsules(V ) (31)
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5.4 Operational lifetime

For the operational lifetime of the complete system, this study assumes that only the used electricity
adds an extra GWP to the system. The HyTES system predominantly uses solar electricity but also
uses grid electricity. An investigation commissioned by the ’Bundesamtes für Umwelt’ determined
the Swiss electricity grid’s average GWP to be 0.128 kg CO2−eq kWh−1 in 2018 (most recent data
available from the BFU) [48]. However, Switzerland’s electricity is generated from diverse sources,
ranging from renewables to fossil fuels, resulting in substantial CO2 emission fluctuations throughout
the day and across different days. A 2018 study demonstrated that the carbon footprint of electricity
could temporarily be up to five times higher than the yearly average [66]. The authors of this study
created a detailed data set on Switzerland’s hourly CO2 emissions from electricity generation for
one year (2015–2016) [67]. This data could provide a more accurate estimation of grid electricity’s
GWP based on the specific usage pattern, which is out of this project’s scope. Therefore, the GWP
for the operational lifetime is limited to the average GWP per kWh of Swiss grid electricity.
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6 Results

This chapter concentrates solely on the analysis of the VIT tank. Other tank types are excluded due
to the high computational demand of the simulation, which cannot be met currently. Furthermore,
identifying the optimal HyTES system differs from the project’s objective. The goal is to demonstrate
the application of the optimisation method and the GWP implementation to the optimisation.
Therefore, the chapter starts by illustrating the significance of the chosen optimisation variables
and their impact on the KPIs. Subsequently, the normalisation factors are determined for the
system incorporating the VIT. Finally, initial optimisation results are presented to glimpse potential
outcomes and their interpretations.

6.1 Sensitivity analysis optimisation variables

A sensitivity analysis is carried out to assess the relevance of the optimisation variables selected in
subsection 4.4. This analysis explores how the different variables affect the KPIs. The procedure
involves varying one variable at a time within its specific range Table 2. The variation values are
determined using equal step sizes between the determined ranges (Table 2) in subsection 4.4. Thus,
not every variable has the same number of steps, and the relative variation is unequal. The relative
variation is shown in Table 5. The actual values used for the sensitivity analysis are shown in
Appendix D, Table 12.

While one of the optimisation variables is being adjusted, all the others maintain their base values,
which are indicated in the middle column. The base values represent the midpoint of the ranges,
providing the best indication of the optimisation variables’ influence.

Table 5: Relative variation for each optimisation variable used to check that particular variable’s influence.

Optimisation variable: Relative variation of variables
1 2 3 Base 4 5 6

HyTES tank height [m] -60% -40% -20% 0% 20% 40% 60%

HyTES tank width [m] - -80% -40% 0% 40% 80% 100%

PCM packed bed starting position [-] -50% -40% -20% 0% 20% 40% 60%

PCM packed bed thickness [-] - -70% -40% 0% 40% 80% 100%

Minumum HyTES energy level [-] - -25% -13% 0% 13% 25% -

DHW tank height [m] -20% -13% -5% 0% 5% 10% -

DHW tank width [m] -50% -33% -17% 0% 17% 33% 50%

Relative amount of PV panels [-] - -80% -40% 0% 40% 80% 100%

PV Azimuth angle [°] -50% -33% -17% 0% 17% 33% 50%

PV Tilt angle [°] -100% -67% -33% 0% 33% 67% 100%

Electrical power HP [kWelec] -82% -55% -27% 0% 27% 55% 82%

Influence on the KPIs

The analysis results are presented in individual graphs for each KPI, showcasing the relative influence
of the optimisation variables compared to the outcome of the base values. Each colour denotes
the column number from which the specific optimisation variable’s value is derived, traceable back
to Table 12. Since the relative variation of the variables is unequal, the results in the graphs are
normalised to represent the sensitivity of the variables equally. The equalises the importance of the

35



RESULTS

relative variation of each variable is equal to the range of -100% (Column one) to 100% (column 6)
relative variation, with equal step sizes in between.

Influence on LCOH
The results for LCOH are plotted in Figure 17. The results suggest that the dimensions of the
HyTES, particularly the tank width, significantly impact the LCOH. The variables related to
the DHW tank configurations exert the least influence. For more detailed results, please refer to
Appendix D. Table 13 displays the relative values, and Figure 23 provides a zoomed-in version of
Figure 17. The detailed results highlight the exact relative difference, showing a clear correlation
between the increase in optimisation variable value and LCOH. The only exceptions are the minimum
HyTES energy level, which marginally increases LCOH when reduced, and the PV orientation
variables, which raise LCOH regardless of direction.
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Figure 17: Sensitivity spread LCOH, see Table 13 for the relative values.

Influence on GWP
Figure 18 illustrates the results for GWP. Similar to LCOH, the dimensions of the HyTES tank
have the greatest impact on the system’s GWP. The influence of the PV system is also large. The
DHW tank width has a small but noticeable effect on GWP, whereas the height does not. The
starting position of the packed bed and the minimum HyTES energy levels also only exert minimal
influence on the GWP of the system.

Detailed information on the GWP influence is available in Appendix D. Table 14 displays the
relative values, and Figure 24 offers a more detailed graph with a smaller spread. In Table 14, the
trend of increasing the optimisation variable and the relative difference largely remain the same.
However, the PV Tilt angle exhibits a counteracting effect as an increase in tilt angle lowers the
GWP of the system, given that it reduces the maximum number of PV panels.
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Figure 18: Sensitivity spread GWP, see Table 14 for the relative values.

Influence on SS
Lastly, Figure 19 demonstrates the influence of optimisation variables on SS. SS is primarily affected
by the PV-related variables, predominantly the tilt angle and the relative number of PV panels.
The dimensions of the HyTES tank continue to be influential, although less so than for the previous
KPIs. The dimensions of the DHW tank again have a negligible impact on the system. Interestingly,
both an increase and decrease in the heat pump power adversely affect the SS. Detailed results in
Appendix D offer a clearer picture of the optimisation variables’ influence. Table 15 presents the
relative values, and Figure 19 provides a more detailed graph with a smaller spread.
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Figure 19: Sensitivity spread SS, see Table 15 for the relative values.
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6.2 Normalisation factors determination

This section utilises the methodology described in Equation 4.2 to derive the normalisation factors.
As previously noted, this involves executing three optimisations, each targeting a specific KPI, as
per Equation 10. The optimisation variables and their respective ranges employed in these runs are
detailed in Table 2.

The outcomes of the three optimisations are displayed in Table 6, which also includes the Utopia and
Nadir points. The optimal KPI values from the three runs determine the Utopia point coordinates,
while the worst possible KPI values determine the Nadir point coordinates. For better comprehension,
these points are visually represented in Figure 20.

Table 6: Results of the three optimisation runs and the corresponding Utopia and Nadir point.

KPI Min LCOH Min GWP Max SS Utopia point Nadir point

LCOH [CHF kWh−1] 0.181648 0.186661 1.235490 0.181648 1.235490

GWP [CHF kWh−1] 0.005376 0.004681 0.113373 0.004681 0.113373

Self-Sufficiency [-] 0.017106 0.021166 1.000000 1.000000 0.017106
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Figure 20: Determination of Normalisation factors 3D.

Both Figure 20 and Table 6 indicate that ’Min LCOH’ and ’Min GWP’ are pretty close, suggesting
that when the system has a low LCOH, the GWP is also low.

The established Utopia and Nadir points are used to complete the coordinates in Equation 11,
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facilitating the calculation of the corresponding normalisation factors (refer to Equation 32).

θLCOH =
1

NLCOH − ULCOH
⇒ 0.95 =

1

1.235490− 0.181648

θGWP =
1

NGWP − UGWP
⇒ 9.2 =

1

0.113373− 0.004681

(32)

6.3 Optimisation of HyTES with VIT

Using the normalisation factors from Equation 32, the final optimisation function is developed
in Equation 33. This function then performs multiple optimisations, each with a varying pSS , to
illustrate different Self-Sufficiency levels. Any feed-in tariffs and availability are turned off in the
model during these optimisations. If left on, these factors would compel the optimiser to maximise
the PV system to maximise electricity sell-back. However, they are incorporated post-optimisation
as they significantly affect the LCOH.

min
x∈Ω

F (x) =
(1− pSS)

2
· 0.95 · fLCOH +

(1− pSS)

2
· 9.2 · fGWP + pSS · fSS (33)

Three optimisation runs were selected where the Self-Sufficiency values fell within the range,
pSS = 0.25, pSS = 0.5, and pSS = 0.9, respectively. Table 7 presents the optimised variables for
these selected runs. Runs for pSS = 0.6 and pSS = 0.75 were also conducted, but their results were
similar to those for pSS = 0.5 and are thus omitted.

The chosen optimisation variables in Table 7 correspond to SS values of 78%, 84%, and 97%,
respectively. These variables reveal specific trends, with the most notable difference being the
substantial change in the HyTES tank volume, where the width sees the most increase. As expected
from subsection 6.1, this width increase is anticipated. Interestingly, while the tank volume increases
with higher SS levels, the thickness of the PCM-packed bed decreases, reducing the proportion of
utilised PCM capsules. Lastly, although the PV system orientation is consistent across all systems,
the full panel availability is not used for lower SS levels.

Table 7: Output optimisation variables for varying Self-Sufficiency weighting factors.

Optimisation variables pSS = 0.25 pSS = 0.50 pSS = 0.90

HyTES tank height [m] 2.72 3.85 3.86

HyTES tank width [m] 1.29 2.05 10.00

PCM packed bed starting position [−] 0.57 0.22 0.17

PCM packed bed thickness [−] 0.54 0.10 0.12

Minimum HyTES energy level [−] 0.11 0.30 0.1

DHW tank height [m] 2.00 2.09 2.18

DHW tank width [m] 0.5 0.5 0.5

Relative amount of PV panels [−] 0.74 1.00 0.99

PV Azimuth angle [°] 98 91 99

PV Tilt angle [°] 1 0 0

Electrical power HP [kWelec] 7 11 11

The results of the KPIs corresponding to the chosen pSS values are exhibited in Table 8 and plotted
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in Figure 21. Besides the optimisation results, the ’LCOH with subsidies’ (recalculated with available
subsidies and feed-in tariffs) and the base case determined in subsection 4.5 are also shown. The
results indicate that achieving higher SS levels triggers an exponential increase in the GWP and
LCOH. A comparison of the optimisation run with the base case reveals that higher levels of SS can
be achieved while being less carbon-intensive than the base case. From an economic standpoint, the
system approximates the base case at an SS of 78%, factoring in subsidies and grid sell-back. Slightly
lower SS levels should already be cost-competitive compared to the base case while considerably
improving the GWP.

Table 8: Results of optimisation for varying Self-Sufficiency weighting factors.

KPI Base case pSS = 0.25 pSS = 0.50 pSS = 0.90

LCOH [CHF kWh−1] 0.14 0.27 0.33 0.66

GWP [CHF kWh−1] 0.038 0.012 0.015 0.091

Self-Sufficiency Thermal [−] 0% 78% 84% 97%

LCOH with subsidies [CHF kWh−1] - 0.16 0.21 0.55
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Figure 21: Results of optimisation for varying Self-Sufficiency levels, combined with the base case and
LCOH with subsidies.

Contribution to LCOH and GWP of main contributors

Table 9 and Table 10 provide an overview of the main contributors to the LCOH and GWP,
respectively, to offer insights into their composition. Both tables display the main contributors’
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relative contribution in the LCOH and GWP calculation models. Table 9 includes optimisation
runs and the scenarios with subsidies and feed-in tariffs. Since these scenarios do not affect the
GWP, Table 10 only shows the optimisation runs.

Table 9: Comparison of relative contribution to the LCOH of the main contributors.

SS = 78%
SS = 78%,
Incl. subs.

SS = 84%
SS = 84%,
Incl. subs.

SS = 97%
SS = 97%,
Incl. subs.

PV system 25% 18% 22% 16% 11% 8%

Heat Pump 20% 19% 23% 21% 11% 10%

HyTES tank 5% 5% 9% 9% 21% 21%

PCM-capsules 2% 2% 1% 1% 12% 12%

DHW tank 1% 1% 1% 1% 0% 0%

Excavation 1% 1% 1% 1% 3% 3%

Feed-in tariffs 0% -26% 0% -23% 0% -11%

O&M 38% 32% 39% 34% 41% 38%

Grid Electricity 9% 9% 5% 5% 0% 0%

Total 100% 59% 100% 64% 100% 83%

LCOH comparison
As displayed in Table 9, Operation and Maintenance (O&M) costs are the most significant
contributors to the LCOH across all scenarios, with a consistent impact. These calculations
are based on the model’s assumption that annual O&M costs equate to 3.5% of the overall system’s
investment cost, a principle established by T. Yang et al. (2021) [68].

In scenarios with lower SS levels (78%), the second and third most prominent contributors to the
LCOH are the PV system and the heat pump. Furthermore, the LCOH contribution of the STES -
including the HyTES tank, PCM-capsules and excavation - amounts to only 8% of the LCOH, which
is less than the 9% contributed by grid electricity. Similar proportions are observed for SS levels at
84%, except that the heat pump’s impact marginally surpasses the PV system’s. For nearly fully
autonomous systems (SS=97%), the STES costs significantly dominate the LCOH, constituting
36% of it.

A comparison between optimised runs and recalculated ones factoring in subsidies and feed-in tariffs
reveals the substantial impact of these extras. In the 78% SS scenario, the cost reduction exceeds
40% compared to the unsubsidised system. As the subsidies only affect the PV system and the heat
pump, the relative reduction is more significant when these systems contribute mainly to the LCOH.
The impact of feed-in tariffs is also more significant at lower SS levels due to the lower LCOH.

GWP comparison
Table 10 illustrates that the PV system significantly influences the GWP at lower and medium
SS levels, followed by grid electricity. Similarly to the LCOH, the STES contribution increases
dramatically for nearly fully autonomous systems. Specifically, the GWP contribution for the
HyTES tank + PCM-capsules is 89%, primarily attributed to the HyTES tank.
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Table 10: Comparison of relative contribution to the GWP of the main contributors.

SS = 78% SS = 84% SS = 97%

PV system 52% 46% 7%

Heat Pump 6% 9% 0%

HyTES tank 8% 21% 78%

PCM-capsules 4% 1% 11%

DHW tank 1% 1% 0%

Grid Electricity 29% 23% 3%

Total 100% 100% 100%
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7 Discussion

This chapter presents a comprehensive discussion of the work conducted, potential improvements
and future directions, its overall added value, and a reflection on its accuracy.

7.1 Analysis of Sensitivity of Optimisation Variables

This section discusses the results from subsection 6.1, which showed the impact of the different
optimisation variables on the LCOH, GWP, and SS, as depicted in Figures 17, 18, and 19, respectively.

Influence of HyTES Tank Dimensions
The dimensions of the HyTES tank, specifically its width, emerged as the most significant variable.
The predominant influence of HyTES tank dimensions on KPIs is primarily due to the construction
of such a large tank. The tank material is stainless steel, which carries a substantial GWP and
investment cost. Furthermore, with a larger volume, more PCM capsules are possible, each with
economic and environmental costs. Another added expense escalating with volume is the excavation
costs for placing the tank underground.

Besides the costs associated with increased volume, the storage capacity also grows linear with
the volume. This capacity significantly influences the system’s SS due to the intermittent energy
generation by the PV system. As such, an increased storage size ensures less reliance on the grid
when solar energy is unavailable. It should be noted, however, that the relative increase in both
LCOH and GWP far surpasses the increase in SS. This suggests that merely increasing storage size
enhances the SS to a limited extent, necessitating alterations in combination with other variables
for optimal results.

Role of Packed Bed
The initial position and thickness of the packed bed exert limited influence on the KPIs. Among
the two, the thickness of the packed bed primarily affects the LCOH and GWP the most. This is
reasonable, as changes in thickness alter the quantity of PCM capsules used, directly impacting
costs and GWP. On the other hand, alterations in thickness indirectly influence LCOH and GWP
as changes in SS subsequently affect the used grid electricity. Despite the slightly more considerable
influence of thickness on SS, the initial position demonstrates the most substantial positive effect on
SS. The effect of the starting position is because it influences the inner workings of the HyTES tank
concerning heat transfer between the sensible and latent heat storage. It shows that the packed bed
slightly above the middle has the highest SS.

Impact of Minimum HyTES Energy Level
The minimum HyTES energy level has a relative difference of almost 5% in SS. This variable
influences the effective storage capacity usage—with higher levels, the system tends to refill the
HyTES tank using grid electricity earlier, thereby reducing SS and increasing LCOH and GWP due
to the electricity usage.

Effects of DHW Tank Dimensions
The DHW tank dimensions bear similar behaviour to the HyTES tank in terms of impacting the
storage volume, with the width exhibiting a quadratic influence on the volume. However, given the
considerably smaller scale of the DHW tank, the impact on LCOH and GWP is correspondingly
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minor. Due to the DHW tank’s small size, its economic and environmental costs are substantially
lower, implying that dimensional variations have a lesser impact on the system’s overall expenses.

Regarding SS, the DHW tank also has next to no influence. This is unexpected as DHW is typically
utilised during solar energy unavailability and needs high power. Given that the DHW tank
maintains a higher temperature than the HyTES tank, an inadequate DHW tank size could lead to
premature depletion, necessitating the heat pump to provide DHW using grid electricity daily.

Significance of PV System
The PV system is the primary energy source for the entire system, thus rendering all variables
affecting it of importance. This principle is particularly shown with the relative quantity of PV
panels, a variable that dictates the total number of panels utilised. Since each panel carries economic
and environmental costs, increasing their number proportionately increases the LCOH and the
GWP. Paradoxically, a higher panel count also decreases the grid electricity consumption (thereby
increasing the SS), reducing the LCOH and GWP. This interplay explains why the relative change
in LCOH and GWP for the relative PV panel quantity is lower when compared to the substantial
variation observed in SS.

The orientation variables, namely the tilt and azimuth angles, influence LCOH and GWP as they
impose constraints on the maximum number of PV panels installed within a specified roof area.
Different orientation angles impact shading, indirectly determining the feasible number of PV panels.
Moreover, the orientation influences the panels’ efficiency, especially during winter when solar energy
is sparse. Although selecting optimal angles might diminish the overall system efficiency, it could
enhance efficiency during periods when solar energy is most crucial. Interestingly, the results indicate
a preference for lower tilt angles, which minimises shading and maximises the total number of PV
panels. This finding suggests that the model prioritises more panels to achieve elevated SS levels
over establishing optimal orientation angles.

Role of Heat Pump
The heat pump’s capacity demonstrates an exponential relationship with the associated LCOH
and GWP. A reduction in the heat pump’s capacity results in a decrease in the LCOH and GWP,
although not directly proportional to the degree of increase in capacity. This occurs because, for heat
pumps of lower capacities, the associated costs and carbon footprints exhibit a relatively uniform
profile once they reach a fundamental level. However, the associated costs and carbon footprints
escalate exponentially upon increasing the heat pump’s capacity.

The results also indicate that the heat pump significantly influences the SS. However, the heat
pump cannot independently augment the SS; it can only reduce it. Consequently, a rise in the heat
pump’s capacity for enhancing SS proves beneficial only when employed with other variables, most
likely the PV system and storage capacity. Given that the heat pump’s role involves the conversion
of electricity into heat, increasing its capacity in the absence of additional solar energy will not
augment the SS; it will only lead to an increase in both LCOH and SS. A similar situation arises if
the storage capacity is not concurrently expanded. However, increasing the storage and heat pump
capacity facilitates improved utilisation of available solar energy, as it allows rapidly converting
accessible solar energy into heat when needed.

For a comprehensive overview of the sensitivity of the KPIs to each optimisation variable, see
Figure 22, within Appendix D.
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7.2 Initial optimisation results of VIT

This chapter discusses the outcomes of three system optimisations for achieving SS levels of 78%,
84%, and 97%, as outlined in section subsection 6.3. At a SS level of 78%, the system does not
require using all available PV panels, while it maximises the surface area by minimising the panel
tilt angle. The corresponding system configuration comprises a small heat pump, HyTES tank, and
DHW tank, as detailed in Table 8.

Upon comparison of 78% and 84% SS systems, it becomes apparent that the latter already
needs maximum PV panel utilisation to generate more energy independently. Consequently, this
necessitates an increase in the heat pump capacity and the size of the HyTES tank, indicating a
greater reliance on solar energy for achieving higher SS levels. The augmented heat pump capacity
allows for better utilisation of solar energy peaks and increased storage in a larger HyTES tank.

In contrast, when comparing the 84% SS system with a 97% SS system, the latter cannot increase
the PV generation further. This results in a considerable expansion of its seasonal storage capacity,
nearly to its maximum limit. Despite this, the heat pump power remains the same, reinforcing the
findings in subsection 6.1 that an increase in heat pump power without a corresponding increase in
PV capacity has negligible effects on the SS. Enhancing PV capacity could achieve higher SS levels
without needing ample HyTES storage and its associated costs.

Meanwhile, the system maintains a low quantity of PCM in storage, despite significant increases in
storage capacity. In the 97% SS system, the PCM-capsules account for 12% of the total LCOH share
(Table 9) and 11% of the GWP (Table 10). This implies a considerable impact of PCM capsules on
LCOH and GWP, even with their limited use. This also explains the system’s reduction of PCM
capsules in high SS systems.

According to the LCA in Appendix B, possible methods to lower the GWP of the PCM-capsules
include manufacturing the capsules’ content in Europe (which reduces GWP by 13%) or recycling
the HDPE of the capsule at the end of its lifespan. However, this could potentially increase the cost
of the capsules.

The size of the DHW tank shows slight variation across different SS levels, echoing the results in
subsection 6.1 that the DHW tank has a minimal impact on the SS. Nevertheless, increasing DHW
tank sizes are linked to a rise in GWP, which is most likely why the DHW tank is kept small.

Subsequently, the optimisation outcomes (Figure 21) reveal that the system has lower GWP at 78%
and 84% SS levels compared to the base case. However, this figure significantly rises with increased
SS levels. This suggests that specific renewable technology components still contribute substantially
to the GWP. Table 10 show that the PV system and the VIT tank are primarily responsible for the
system’s GWP.

The GWP of PV panels is mainly associated with production, which consumes considerable electricity
and thus contributes to GWP, particularly in fossil-fuel-dominant regions like China. With its lower
electricity GWP, manufacturing PV systems locally in Switzerland could mitigate this issue. As for
the VIT tank, its high GWP can be attributed to the extensive use of stainless steel required for its
double tank configuration. Other tank options within the HyTES system would significantly lower
associated GWP.

On the contrary, the LCOH of the HyTES system remains higher than the base case at all investigated
SS levels, despite subsidies for the PV system and heat pump and Feed-in tariffs. The PV system
and heat pump are significant contributors to the LCOH, implying that reducing their production
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costs could enhance the HyTES system’s economic feasibility. Additionally, a rise in the base case’s
LCOH, specifically the cost of fuel oil, could improve the cost competitiveness of the HyTES system.

Improving the system’s quality to extend its lifespan could lower the LCOH and GWP by allowing
for longer investment payback times.

Best initial configuration
The most favorable system resulting from the preliminary optimisation runs is the one achieving
a SS level of 78%, as per the predefined objectives. Notably, this system lies within the desired
self-sufficiency range of 70-100%. Additionally, it exhibits the lowest LCOH compared to other
optimized systems. By incorporating feed-in tariffs and subsidies, this system becomes nearly cost-
competitive with traditional oil boilers. Furthermore, the environmental impact of this optimized
system is commendable, with its GWP being three times lower than the baseline case.

7.3 Improvements and future work

Throughout the study, several areas for improvement have been identified that can enhance the
accuracy and robustness of the findings.

GWP of VIT
One area where accuracy can be improved is data acquisition for calculating the GWP of VITs. It
is recommended to acquire better data by obtaining information about the type(s) of steel used in
the storage tanks. This would allow for a more precise estimation of the GWP per kilogram of the
tank. Additionally, having an overview of tank weights corresponding to different volumes would
provide valuable insights for accurately establishing the relationship between storage capacity and
associated weight. Such data would enhance the reliability of the environmental impact assessment
by enabling a more informed estimation of the GWP for various storage tanks.

Operation and Maintenance costs assumption
Another area needing improvement is the investigation of assumptions made regarding the O&M
costs by the authors of the original simulation model. Based on an article, the model assumes an
annual O&M cost of 3.5% of the initial investment cost. However, given the significant contribution
of O&M costs to the LCOH, conducting a thorough analysis of these costs is recommended. Such
an analysis would provide a more accurate estimation of the O&M costs, ensuring the reliability of
the economic assessment.

Electricity GWP
Furthermore, to enhance the accuracy of the environmental impact assessment, it is proposed to
consider the time-dependent GWP of electricity as mentioned in subsection 5.4. Currently, this
study assumes a general GWP for the electricity consumed throughout the year. However, variations
in energy sources and generation methods result in the GWP of electricity varying based on the
time and season. Therefore, it is advisable to incorporate time-dependent GWP values for electricity
consumption, considering the specific GWP associated with electricity usage at different times, for
example, given by D. Vuarnoz et al. (2018) [67]. This approach would result in a more precise
assessment of the system’s environmental impact.

It also has to be noted it is likely that the GWP of Swiss electricity will decrease the following year,
and at some point, also might be zero. This trend is currently not taken into account. It would be

46



DISCUSSION

interesting to look at how this decrease could be considered to increase the accuracy of electricity
GWP. Besides that, a scenario in which a carbon-free Swiss electricity grid would be considered
could also be interesting to investigate as this is a possible future scenario to take into account.

PV technologies
In addition, the model could be further improved by considering other PV technologies. Currently,
the model relies on a pre-selected PV system for the data, but as shown in section 5, different PV
technologies can have varying impacts. Another technology may be better suited for this specific
system. Exploring alternative PV technologies would provide a more comprehensive analysis.

Necessity of GWP in optimisation function
The normalisation results (subsection 6.2) and sensitivity analysis (subsection 6.1) suggest a
parallel trend between LCOH and GWP. To examine the importance of incorporating GWP in the
optimisation objective, the optimisation could also be run by excluding the GWP. By comparing the
results, the relevance of including GWP in the optimisation function could be better determined.

Mesh size and time steps
An aspect that also remained unexplored in the present thesis is the mesh size and the increments in
time steps. As described in subsection 2.2, the optimisation process involves a grid-based approach,
wherein the optimiser navigates a mesh grid of potential variables to identify an optimal value.
Subsequently, based on the outcomes, the optimiser hones in on the mesh, reducing the step size.

The level of detail that the optimiser can archive significantly influences computation time. Therefore,
in the optimisation undertaken in this study, the mesh size was estimated relative to the size of the
specific optimisation variable. The intent was to keep the optimiser from honing in on the mesh too
much to ensure the computational time remained within feasible limits for generating the requisite
results for this report.

Besides the mesh size, consideration must also be given to the time steps. These indicate that the
time between the system model is recalculated throughout its simulation year. In this case, the
time step adhered to the standard the model’s authors predetermined and was not subjected to
additional modifications.

More precise analysis and determination of both the mesh size and time steps could increase the
precision of the optimisations. This could reduce computation time if the current choice of values
needs to be more significant. Therefore, it is recommended to investigate the mesh size and time
steps.

The HyTES system
The complete HyTES system, as represented in Figure 2, is a viable solution for addressing the
problems mentioned in section 1. However, there is still room for improvement in this system.
Presently, the only sustainable energy source is the PV system, as solar collectors were excluded
due to the limited flexibility in the OPSAIS project. However, implementing a combination of PV
panels and solar thermal collectors could be an improvement. The thermal collectors could primarily
supply the DHW throughout the year, benefiting from their ability to produce higher temperatures.
This would allow the heat pump to operate more efficiently, as it performs better when supplying
lower temperatures. By incorporating thermal collectors to supply the main portion of the DHW,
the heat pump’s capacity could be reduced. Implementing this would require a solar collector model
that supplies the heat via an additional heat exchanger in the outgoing line of the heat pump before
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the three-way valve. This setup would enable the collectors to supply the DHW tank and utilise the
HyTES tank as a heat sink when the DHW tank is full.

It would be beneficial to assess the impact of incorporating this additional heat supply in the model
and analyse the system’s behaviour. This improvement could provide valuable insights into the
system’s performance.

Future work
Addressing these areas of improvement in future work would significantly enhance the accuracy and
reliability of the study’s findings. By acquiring better data, investigating assumptions, considering
time-dependent factors, and exploring alternative PV technologies, a more comprehensive and
precise evaluation of the environmental impact and cost-effectiveness of the HyTES system can
be achieved. Additionally, future work should involve running optimisations for the different tank
types possible for the HyTES system. This would include determining normalisation factors for
the two other tank types and conducting multiple optimisations with varying weighting factors.
While this study provides the optimisation method and offers initial results, concluding the HyTES
project necessitates finding the optimal HyTES system configuration.

7.4 Added value of presented work

The presented study focuses on optimising the HyTES system, offering a comprehensive strategy to
improve its efficiency and performance. This optimisation strategy is a significant contribution, as
it has the potential to enhance the practical applicability of HyTES systems.

In addition to optimising the system’s functionality, the research also addresses the environmental
impact by considering GWP in the optimisation process. Integrating environmental concerns
alongside performance improvements adds a unique and valuable dimension to the HyTES project.

To gain a deeper understanding of the factors influencing the LCOH and GWP, the research provides
an overview of their main contributors. This understanding is essential in identifying the lever arms
contributing to these performance indicators and can guide future efforts in reducing LCOH and
GWP for the HyTES system.

Furthermore, the research compares the performance of the HyTES system at different levels of
self-sufficiency. This comparison offers insights into the trade-offs between self-sufficiency, cost, and
environmental impact. Such insights can aid decision-making processes in determining the optimal
level of self-sufficiency for the HyTES system.

Overall, this study significantly contributes to understanding and optimising HyTES systems. By
providing valuable insights and tools, it guides future research and development efforts in this
system.

7.5 Accuracy of work

The accuracy of the research conducted in this project is of utmost importance to establish the
results’ reliability and validity. Several vital aspects contribute to ensuring the accuracy of the work.

Firstly, the project demonstrates a high methodological rigour by aligning with established scientific
principles and employing well-accepted modelling and simulation techniques. Therefore, the research
builds upon a foundation that has been widely used.
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The accuracy of the results heavily relies on the quality and reliability of the data utilised in the
analysis. While much data used in the modelling was already determined prior to this thesis,
the collected data during this thesis are carefully chosen from reputable sources such as scientific
literature and industry standards. This careful selection of data sources enhances the accuracy of
the analysis. Also, for the data used in the modelling, as described earlier, the previous authors
extensively validated the model to prove its accuracy. By executing the sensitivity analysis of the
optimisation variables, even better insight was archived. this analysis gave a good insight into the
influence the various variables had and which trend they followed. This also increases the level of
confidence in the modelling results.

However, it is crucial to acknowledge that any modelling or simulation work inherently involves
assumptions and limitations. Recognising this, the work explicitly states the assumptions and
limitations, ensuring transparency regarding the scope and boundaries of the analysis.
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8 Conclusion and recommendations

This chapter finalises this thesis, with a conclusion on the presented work and recommendations.

8.1 Conclusion

The primary objective of this thesis was to develop a method for calculating the carbon footprint
of the HyTES system, formulate an optimisation-objective function, and identify the optimisation
variables and their appropriate ranges. This is all to develop the optimisation strategy, which can
be used in future work to find the optimal HyTES system configuration.

The approach to calculating the carbon footprint focused on implementing a carbon footprint model
for the main components of the HyTES system. The thesis provided equations to calculate the
GWP of the heat pump and PV system based on the literature. Furthermore, the thesis examined
the GWP of different heat storage options, including DHW storage tanks, vacuum-insulated tanks,
spherical-shaped storage tanks, and repurposed basement storage. Equations were derived to
estimate the GWP of each storage option based on their respective volumes and material properties.
Finally, the thesis considered carbon emissions associated with electricity usage. The gathered
information and equations were implemented into the simulation model to analyse the HyTES
system’s carbon footprint.

The methodology continued with a multi-objective optimisation function for the optimisation
algorithm, considering three key performance indicators; minimal system costs, self-sufficiency, and
carbon footprint.

The optimisation function implemented flexible self-sufficiency ranges and weighting factors, enhancing
the function’s adaptability to specific project requirements. The Utopia and Nadir points were
identified to normalise the objective functions. A vital feature of the methodology is variable
self-sufficiency within the optimisation, providing multiple potential solutions to the clients instead
of a single outcome.

The methodology expands into examining various optimisation variables such as tank types and
dimensions, PCM capsules packed bed size, minimum HyTES energy level, DHW tank size, number
of PV panels, and PV orientation, recognising the unique role of each of these variables in enhancing
the system’s overall efficiency.

To further elaborate on the optimisation, one specific case was selected in which the HyTES system
uses a vacuum-insulated tank as Seasonal thermal energy storage.

For this case, the selected optimisation variables were verified using sensitivity analysis to assess the
influence of various optimisation variables on selected KPIs. The sensitivity analysis revealed that
the dimensions of the HyTES tank and PV system variables were the most influential. In contrast,
those relating to the DHW tank had the most negligible effect.

Following the sensitivity analysis, initial optimisation runs were done to give insight into how the
results of the optimisation strategy and how they are interpreted. Three optimisation scenarios were
selected with differing levels of SS (78%, 84%, 97%). The primary trend identified was the significant
increase in the HyTES tank volume as SS increased. The optimisation results also revealed the
substantial impact of subsidies and feed-in tariffs on LCOH, reducing it by over 40% in the 78% SS
scenario.

A comparison of the main contributors to LCOH and GWP across different scenarios indicated that
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Operation and Maintenance costs and the PV system were the most significant contributors to LCOH.
Simultaneously, the PV system and grid electricity significantly influenced GWP. However, the
STES contribution to LCOH and GWP increased dramatically at nearly full autonomy (SS=97%).

The most optimal system of the initial optimisation runs achieved an SS of 78%, falling within the
desired range. It boasts the lowest LCOH among the optimised systems and, with incentives, is
almost cost-competitive with oil boilers. Moreover, its GWP is three times lower than the base case.

The results were instrumental in understanding how HyTES system optimisation can contribute to
energy sustainability. Moreover, the economic viability of such systems is significantly influenced by
the availability of subsidies and grid sell-back schemes, demonstrating the critical role of policy in
advancing sustainable energy solutions.

In summary, the primary objective of this thesis was successfully achieved, with an effective method
developed to calculate the HyTES system’s carbon footprint, an optimisation-objective function
formulated, and the identification and delineation of optimisation variables and their ranges. By
presenting the initial optimisation results, the effectiveness was confirmed.

8.2 Recommendations

Following the areas of improvement identified in section 7, the following recommendations are made.

Model
Several vital areas warrant further investigation and improvement to enhance the accuracy and
reliability of the model. Firstly, conducting a sensitivity analysis by comparing the optimisation
results with and without the GWP in the objective function would provide valuable insights into
the significance of incorporating GWP. Additionally, a thorough examination of the mesh size and
time steps used in optimisation is recommended to improve computation efficiency and precision.
Secondly, for a more accurate estimation of the GWP of VIT type, acquiring better data on the
type(s) of steel used in storage tanks and tank weights corresponding to different volumes is essential.
This data would enable a more informed estimation of the GWP per kilogram of the tank and its
relationship with storage capacity. Thirdly, conducting a detailed analysis of O&M costs, rather
than relying on a general assumption, would lead to a more reliable economic assessment. Finally,
to enhance the environmental impact assessment, considering time-dependent GWP values for
electricity consumption and accounting for potential future trends in the GWP of Swiss electricity
would yield a more precise evaluation of the system’s environmental impact. The model’s accuracy
and applicability would be significantly improved by addressing these areas, making it a valuable
tool for sustainable decision-making in the energy sector.

technology
To further enhance the technological capabilities, it is recommended to consider alternative PV
technologies beyond the currently pre-selected PV system. Different PV technologies can have
varying impacts, and exploring these alternatives would lead to a more comprehensive analysis,
allowing the identification of the most suitable PV technology for this specific system.

Additionally, while the complete HyTES system offers a viable solution, combining PV panels
and solar thermal collectors could improve its sustainability. Using thermal collectors to supply
DHW throughout the year primarily, the heat pump’s efficiency could be enhanced, as it performs
better when delivering lower temperatures. This change would require a solar collector model that
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efficiently supplies heat to the DHW tank while using the HyTES tank as a heat sink when the
DHW tank reaches capacity.

To assess the impact of this improvement, the model should be extended to include the additional
heat supply from the solar thermal collectors and analyze the system’s behaviour accordingly. Such
an enhancement would provide valuable insights into the system’s overall performance, contributing
to its continual improvement and optimisation.
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15804+A1:2013: swissporXPS, Wärmedämmplatten aus extrudiertem Polystyrol,” treeze
GmbH fair life cycle thinking, Uster, Tech. Rep., 2017.

57

https://www.bsria.com/uk/news/article/bsrias_view_on_refrigerant_trends_in_ac_and_heat_pump_segments/
https://www.bsria.com/uk/news/article/bsrias_view_on_refrigerant_trends_in_ac_and_heat_pump_segments/
https://pufferspeicher-sirch.de/speicher/vakuum-pufferspeicher/
https://pufferspeicher-sirch.de/speicher/anfragen-konfigurator/
https://pufferspeicher-sirch.de/speicher/anfragen-konfigurator/
https://www.energy4me.ch/speicherloesung/
https://api.environdec.com/api/v1/EPDLibrary/Files/10897adf-b617-448e-1ef0-08db090ef553/Data
https://api.environdec.com/api/v1/EPDLibrary/Files/10897adf-b617-448e-1ef0-08db090ef553/Data
https://www.hslu.ch/en/lucerne-university-of-applied-sciences-and-arts/research/projects/detail/?pid=3894
https://www.hslu.ch/en/lucerne-university-of-applied-sciences-and-arts/research/projects/detail/?pid=3894


REFERENCES

[66] D. Vuarnoz and T. Jusselme, “Temporal variations in the primary energy use and greenhouse
gas emissions of electricity provided by the Swiss grid,” Energy, vol. 161, pp. 573–582, 10 2018.

[67] ——, “Dataset concerning the hourly conversion factors for the cumulative energy demand and
its non-renewable part, and hourly GHG emission factors of the Swiss mix during a one year
period (2015–2016),” Data in Brief, vol. 21, pp. 1026–1028, 12 2018.

[68] T. Yang, W. Liu, G. J. Kramer, and Q. Sun, “Seasonal thermal energy storage: A
techno-economic literature review,” Renewable and Sustainable Energy Reviews, vol. 139,
p. 110732, 2021. [Online]. Available: https://www.sciencedirect.com/science/article/pii/
S1364032121000290

[69] C. Hill, A. Norton, and J. Dibdiakova, “A comparison of the environmental impacts of different
categories of insulation materials,” Energy and Buildings, vol. 162, pp. 12–20, 3 2018.

[70] “Air Source Heat Pump — Alternative Heating — Viessmann UK.” [Online]. Available:
https://www.viessmann.co.uk/en/products/heat-pump/air-source-heat-pumps.html

[71] L. Geissbühler, M. Kolman, G. Zanganeh, A. Haselbacher, and A. Steinfeld,
“Analysis of industrial-scale high-temperature combined sensible/latent thermal energy
storage,” Applied Thermal Engineering, vol. 101, pp. 657–668, 2016. [Online]. Available:
https://www.sciencedirect.com/science/article/pii/S135943111501412X

[72] “CO2 levy.” [Online]. Available: https://www.bafu.admin.ch/bafu/en/home/topics/climate/
info-specialists/reduction-measures/co2-levy.html

[73] Nationale Dienstleistungszentrale nDLZ Ernst Basler + Partner, “Das Gebäudeprogramm im
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hybrid latent-Sensible heat storage
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Table 11: Literature review matrix of paper that are about hybrid latent-Sensible heat storage

Authors, year, Journal Goal of research Type Main findings

N. Nallusamy et. al., 2007,
Renewable Energy [14]

Predict thermal
behavior of system for
DHW

Encapsulated PCMs in water
tank - General Domestic
Heating

Hybrid TES enhances performance and is
effective for intermittent heat needs

S.A.Vijay Padmaraju et.
al., 2008 [15]

Experiment with PCMs
for solar energy storage

Encapsulated PCMs in water
tank - General Domestic
Heating

PCM-based storage is more effective than
traditional sensible heat storage

G. Zanganeh et. al.
2014, Applied Thermal
Engineering [17]

Develop hybrid TES for
CSP stabilization

Double packed bed with stacked
PCMs and sensible storage -
CSP

Encapsulated PCM in packed-bed storage
maintains temperature stability

L. Geissbühler et. al.
2016, Applied Thermal
Engineering [18]

Compare exergy
efficiency of industrial
TES

Double packed bed with stacked
PCMs and sensible storage -
Industrial heat H. temp.

Integrated storage systems decrease material
expenses while meeting energy efficiency
targets

A. Frazzica et. al., 2016,
Applied Energy [16]

Compare two different
PCMs for small-scale
heat storage

Encapsulated PCMs in water
tank - DHW

PCM-based hot water systems improve
delivery capability by 10%

C. Zauner et. al., 2017,
Applied Energy [24]

Study hybrid TES with
inverted shell-and-tube
configuration

Shell-and-tube heat exchanger -
Heating Networks

Increasing PCM volume and tube diameter
reduces material expenses per kWh

N. Delalic et. al., 2019,
Advance Technologies,
System, and Applications
[20]

Investigate solar
thermal heat storage
with hybrid TES

Tank-in-tank with inner PCM -
General Domestic Heating

PCM stabilizes temperatures and increase
heat absorption

N. Ahmed et. al., 2019,
Energy conversion and
Management [26]

Develop hybrid TES
for medium temp.
applications

Encapsulated PCM
impregnated between solid
rods - General Heat Storage M.
Temp.

Hybrid TES is the most viable option with
optimized performance and comparatively low
cost

Continued on next page
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Table 11: Literature review matrix of paper that are about hybrid latent-Sensible heat storage (Continued)

P. Garcia et. al., 2019 Develop hybrid TES
for CSP with high
efficiency cycles

Encapsulated PCMs in molten
salt - CSP

AlSi is a superior PCM material for high
temperatures

D. Lafri et. al., 2019,
Applied Thermal
Engineering [21]

Optimize
charging/discharging of
latent heat storage

Tank-in-tank with a comparison
of PCM placement - General
Heat Storage

Proper arrangement of PCM layers is crucial
for cascading PCM with vertical rod storage
configurations

C. Suresh et. al., 2020,
Energy Research [84]

Evaluate thermal
energy storage methods

Various systems described -
General Heat Storage

Higher volume fractions of PCM result in
greater energy storage and transfer

N. Ahmed et. al., 2020,
Renewable Energy [25]

Design hybrid TES
for medium temp.
applications

Cascading encapsulated PCM
impregnated between solid rods
- General Heat storage

Discontinuous discharge method with
intervals of 2-24 hours increases discharge
time and utilization

C. Suresh et. al., 2020,
Solar Energy [79]

Design hybrid TES to
combat thermocline
degradation

Double packed bed with stacked
PCMs and sensible storage

Combined sensible-latent heat storage system
performs better than conventional sensible
heat storage

G. Englmaira et. al.,
2020, Applied Thermal
Engineering [22]

Develop economically
attractive compact TES

Tank-in-tank with inner PCM -
General Domestic Heating

Adding PCM capsules above concrete
spheres increases discharge time and reduces
temperature drop

C. Suresh et. al., 2021, Int.
J. of Energy Research [19]

Suggest hybrid TES to
address limitations of
SHS and LHS

Double packed bed with stacked
PCMs and sensible storage

PCM reduces storage tank volume by 25%
and reduces fuel consumption from gas fuel
boilers

O.G. Pop et. al.,
2021, Applied Thermal
Engineering [27]

Evaluate DHW storage
tanks with and without
PCMs

PCM encapsulated in vertical
rods in water tank - DHW

Novel system increases storage density up to
35% compared to only sensible storage

A. Frazzica et. al., 2022,
Energies [28]

Develop hybrid TES for
DHW for ships

PCM encapsulated in vertical
rods in water tank - DHW

Maximum of 13 large PCM capsules increases
DHW by 20%, after which the capsules take
up too much space

Continued on next page
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Table 11: Literature review matrix of paper that are about hybrid latent-Sensible heat storage (Continued)

D. Erdemir et. al., 2022,
Solar Energy [78]

Determine effect of
paraffin amount on hot
water output

Large encapsulated PCMs in
water tank - General Heat
Storage

New configuration increases energy storage
and DHW provision by up to 16% with an
optimal charging temperature of 62-68°C.

A. Frazzica et. al., 2023,
Energies [23]

Develop hybrid TES
for DHW provision in
residential buildings

Tank-in-tank with inner PCM
and outer water tank - DHW

A new configuration can increase energy
storage capacity and corresponding DHW
provision by up to 16%.
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B Appendix 2: Comparative life-cycle assessment of energy storage
technologies for photovoltaic-heat pump systems of single-family
houses

Author: Sztranyovszky Lóránt

TES – Thermal energy storage
SFH – Single family house
PCM – Phase change material
SPF – Seasonal performance factor
LCIA – Life cycle impact assessment
SD – Standard deviation
SAT – Sodium acetate trihydrate
GWP – Global warming potential
EoL – End of life
CH – Switzerland
RER – Europe
RoW – Rest of the world
GLO – Global
CN – China

Goal and scope definition

The goal of this study is to quantitatively compare the potential environmental impact of different
energy storage technologies including a novel TES based on encapsulated phase-change material.
Scope: Energy storage systems on a typical scale for an SFH. Namely,

• A 600l hot-water tank filled with an encapsulated phase-change material (COWA capsules)

• This is compared to a sensible TES with identical capacity. Assuming that the energy storage
density of the latent TES is exactly a factor of 2 higher, this translates to Two identical
hot-water tanks, without COWA capsules

• This is further compared to a Li-ion battery. The equivalent battery capacity is calculated with
an SPF of 2.8 (heat pump) as a conversion factor, with additional adjustment for degradation
and a shorter lifetime. Li-ion battery pack (NMC111) with a nominal capacity of 13.5 kWh

A cradle-to-grave system boundary is used with the assumption that different storage technologies
of equivalent capacity have an identical effect on the energy system of the SFH. Therefore, an
analysis of the use phase can be omitted as no difference between the compared alternatives is
expected. The analysis was performed using the two system models cut off by classification and
consequential. The EF3.0 was the primary LCIA method used, although, some of the results have
been additionally computed with the ReCiPe 2016 (H) and the Cumulative energy demand methods.
The impact category of main interest was climate change. Some further impact categories were
computed additionally but not discussed in detail. The primary data source is version 3.8 of the
Ecoinvent database.
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Inventory analysis

Information about provider processes is included for each entry - note that these are typically
market activities. All provider processes not specifically analyzed can be found in the Ecoinvent
database. There is also an inherent uncertainty attached to every exchange modelled as a lognormal
probability distribution with the square of the geometric standard deviation SDgeo2 indicated for
each entry (‘amount’ corresponds to the arithmetic mean).

Sodium acetate

This material serves as the base of the PCM, but its production process is not modelled in the
database. Due to the lack of reliable information about the industrial production process of SAT,
the inventory is largely based on estimates. The SAT is assumed to be produced by reacting acetic
acid with sodium hydroxide according to the following reaction:

CH3COOH+NaOH+ 2H2O −→ CH3COONa · 3H2O

The required amount of input materials can be estimated by stochiometric calculation, assuming a
yield of 95%. Although the above reaction is exothermic, the production process likely still requires
additional energy input in form of heat and electricity.. The input materials are assumed to be
marketed in 50% solution, and it is assumed that the water remaining after the reaction must be
evaporated. This allows a rough estimate of the heat demand with rather high uncertainty. The
electricity demand, however, cannot be reasonably estimated. The inventories of other chemicals
typically include electricity in the range of 0.05-0.45 kWh, but these values are often “standard
assumptions” i.e., not process-specific. The additional inputs considered include water for cooling,
the construction of the chemical factory and the required transportation. The production location
is China with the corresponding transportation distance of 1 200 km by a mix of freight train and
lorry, plus 14 000 km by container ship. The complete inventories of SAT production are:
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Hot water tank

The inventory is modelled for a tank made of stainless steel with wall thickness of 2.5mm, insulated
by a 120mm layer of glass wool. Based on a similar product in the Ecoinvent database, a small
amount of PVC is also included as well as some softwood for packaging. The input “metal working”
includes an estimate of the energy demand as well as infrastructure use and material waste during
production. The EoL treatment of steel, glass wool and PVC are accounted for as output waste
flows. It is assumed that steel is disposed of in mixed metal scrap while glass wool is landfilled, and
PVC is incinerated.
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Production of COWA capsules

The COWA capsules are made of HDPE and are filled with an SAT-based PCM. The included
process steps are the production of capsules and covers from (virgin) HDPE granulate by injection-
and blow moulding, mixing and filling of the PCM, and logistics. These steps are not considered
separately but rather as one unit process with the inventory reflecting the in- and outputs of the
listed process steps. The production location is Germany. Sodium acetate is provided by the
production process described above. It is assumed that the plastic and PCM waste are handled
separately at the EoL, the latter being landfilled as inert waste.

67



APPENDIX

TES with COWA capsules

An additional process was created to combine the hot water tank and COWA capsules. The number
of capsules was calculated based on a packing density of 0.61 and an external capsule volume of
0.135l.

Li-ion battery

Production and EoL treatment processes of some types of Li-ion batteries are included in the
Ecoinvent database. The product ‘Battery, Li-ion, NMC111, rechargeable, prismatic’ has been
selected as a base of comparison for the TES with COWA capsules. This process, as well as the
waste treatment, is based on kg battery mass rather than kWh battery capacity. A conversion was
necessary using a battery energy density of 0.143 kWh/kg given in the reference of the Ecoinvent
process’s documentation. A simple process has been created to represent a battery of desired
capacity and link the production and EoL treatment process.
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Impact Assessment

The product systems have been analyzed separately using different system models and LCIA
methods. The impact category of primary interest is climate change/GWP with a time horizon of
100 years. A summary of the results can be seen below.

If one additionally assumes that the battery has approximately 25% shorter lifetime than the latent
TES system (e.g., 7,500 vs. 10,000 cycles), the difference can be accounted for by comparing 1 unit
of latent TES with 1.33 units of the battery pack.

Main Contributions

The GWP impact of COWA capsules can be split up as shown below on the left. The largest
contribution is sodium acetate, which can be further split up, as shown on the right.

69



APPENDIX

Alternative methods

The analyzes were repeated in the consequential system model, with the following results:

Finally, the results were also calculated with the LCIA method ‘ReCiPe 2016 Midpoint (hierarchist)’.

It appears that the different methods deliver similar results.

Comparison of technologies

Three storage technologies of equivalent capacities are compared, based on the assumption that
they interact with the heating system identically (i.e., the same autarky is achieved). The cut-off
system model and the EF3.0 LCIA method are used for the comparison*. The comparison was done
for several impact categories. The results are depicted in the plots below:

70



APPENDIX

Interpretation

It appears that the environmental impact associated with the production of COWA capsules is
quite significant and that sensible storage systems of equivalent capacity are preferable from an
environmental perspective. Note that such sensible TES would have a higher space requirement which
is not always available. However, if one attempts to compare storage systems of different capacities,
it is imperative to understand the (potential) environmental impact mitigated by increasing the
autarky of an SFH. Such an analysis is out of the scope of this project. Battery storage systems seem
to underperform both latent and sensible thermal storage technologies for most impact categories.
Note that the presented results must not be interpreted as precise predictions of the environmental
impact triggered by the storage systems. For a better understanding of the implications, there are
further points to consider.

Sensitivity

Considering the impact of COWA capsules, the following alternative assumptions lead to a significant
change in the result (relative to the GWP of COWA capsules):

Sodium acetate is produced as anhydrate approx.+9%
SAT and all its inputs are produced in Europe approx. -13%
HDPE is recycled at EoL approx.-15/-20% depending on system model

For the outcome of the comparison, the following parameters play a decisive role:

• Hot water tank material (especially type of steel) and wall thickness

• Battery type and charge/discharge characteristics during operation

• Recycling scenarios
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Uncertainty

At the time of this study, all commercially available LCA software is either unable to execute an
uncertainty analysis, or this feature is impaired by errors. For this reason, a limited calculation was
performed only including uncertainties of climate change impact attached to flows contributing at
least 3% to the overall impact. The calculated uncertainty is therefore necessarily an underestimate.
The probability distribution representing the uncertainties of the results was computed with the
Monte Carlo method (106 samples), using MatLab (R2022A). The results can be seen on the
following graph, with the whiskers representing the limits of the 95% confidence interval. This
analysis was only done for results obtained by the cut-off system model, the LCIA method EF3.0
and the impact category climate change.

The above plot shows that the uncertainties are quite considerable and that there is some overlap
between the confidence intervals of the three technologies. The arrays of samples were compared
piecewise to determine the performance of the three technologies relative to each other, taking
uncertainties into account. The GWP of latent TES was higher than that of the sensible TES
for 99.8% of the samples. However, it was lower than that of the battery storage for only 71.5%
of the samples, to which the following interpretation is proposed: Based on the available data, it
is not possible to determine the ‘better’ technology (regarding GWP) with a reasonable level of
confidence.
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C Appendix 3: Calculations of Global Warming Potential

C.1 Heat pump

1. Starting with the general form of a 2nd-order polynomial equation:

GWP (HPC) = a ∗HPC2 + b ∗HPC + c (34)

2. The system of three equations in three variables (a, b, c), using data from Table 3:

GWP1 = a ∗HPC2
1 + b ∗HPC1 + c ⇒ 3, 060 = a ∗ 72 + b ∗ 7 + c

GWP2 = a ∗HPC2
2 + b ∗HPC2 + c ⇒ 3, 670 = a ∗ 152 + b ∗ 15 + c

GWP3 = a ∗HPC2
3 + b ∗HPC3 + c ⇒ 13, 700 = a ∗ 502 + b ∗ 50 + c

(35)

3. The matrix form of the system of equations from Equation 35:HPC2
1 HPC1 1

HPC2
2 HPC2 1

HPC2
3 HPC3 1

ab
c

 =

GWP1

GWP2

GWP3

 ⇒

 72 7 1
152 15 1
502 50 1

ab
c

 =

 3, 060
3, 670
13, 700

 (36)

4. Next, Equation 36 can be used for solving the unknowns, generating the specific quadratic
equation that fits the three data points:

GWPHP (HPC) = 4.8912 ·HPC2 − 31.356 ·HPC + 3039.8 (37)

C.2 DHW storage tank

To determine the unknown constants (a0, a1, a3, a4) of Equation 38, a system of equations is filled
with all data points from Table 4, resulting in eight equations (refer to Equation 39). These equations
are solved using their matrix form in Equation 40), which leads to the solution of the unknown
constants presented in Equation 41. when to constants are inserted in Equation 38 the resulting
Equation 21 represents the trend line.

ADHW (V ) = a0 + a1 · V + a2 · V 2 + a3 · V 3 + a4 · V 4 (38)

A1 = a0 + a1V1 + a2V
2
1 + a3V

3
1 + a4V

4
1 ⇒ 4.18 = a0 + 536a1 + 5362a2 + 5363a3 + 5364a4

A2 = a0 + a1V2 + a2V
2
2 + a3V

3
2 + a4V

4
2 ⇒ 5.40 = a0 + 812a1 + 8122a2 + 8123a3 + 8124a4

A3 = a0 + a1V3 + a2V
2
3 + a3V

3
3 + a4V

4
3 ⇒ 6.12 = a0 + 952a1 + 9522a2 + 9523a3 + 9524a4

A4 = a0 + a1V4 + a2V
2
4 + a3V

3
4 + a4V

4
4 ⇒ 7.92 = a0 + 1495a1 + 14952a2 + 14953a3 + 14954a4

A5 = a0 + a1V5 + a2V
2
5 + a3V

3
5 + a4V

4
5 ⇒ 9.20 = a0 + 1936a1 + 19362a2 + 19363a3 + 19364a4

A6 = a0 + a1V6 + a2V
2
6 + a3V

3
6 + a4V

4
6 ⇒ 12.39 = a0 + 3068a1 + 30682a2 + 30683a3 + 30684a4

A7 = a0 + a1V7 + a2V
2
7 + a3V

3
7 + a4V

4
7 ⇒ 14.75 = a0 + 3945a1 + 39452a2 + 39453a3 + 39454a4

A8 = a0 + a1V8 + a2V
2
8 + a3V

3
8 + a4V

4
8 ⇒ 17.59 = a0 + 5131a1 + 51312a2 + 51313a3 + 51314a4

(39)
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1 V1 V 2
1 V 3

1 V 4
1

1 V2 V 2
2 V 3

2 V 4
2

1 V3 V 2
3 V 3

3 V 4
3

1 V4 V 2
4 V 3

4 V 4
4

1 V5 V 2
5 V 3

5 V 4
5

1 V6 V 2
6 V 3

6 V 4
6

1 V7 V 2
7 V 3

7 V 4
7

1 V8 V 2
8 V 3

8 V 4
8




a0
a1
a2
a3
a4

 =



A1

A2

A3

A4

A5

A6

A7

A8


⇒



1 536 5362 5363 5364

1 812 8122 8123 8124

1 952 9522 9523 9524

1 1495 14952 14953 14954

1 1936 19362 19363 19364

1 3068 30682 30683 30684

1 3945 39452 39453 39454

1 5131 51312 51313 51314




a0
a1
a2
a3
a4

 =



4.18
5.40
6.12
7.92
9.20
12.39
14.75
17.59


(40)


a0
a1
a2
a3
a4

 =


1.09576

0.00674831
−2.05591 · 10−6

4.56355 · 10−10

−3.70187 · 10−14

 (41)

C.3 Spherical-Shaped Storage Tank

To calculate the GWP of the Spherical-Shaped Storage Tank as a function of the volume of the
storage, it is started with the volume of a solid sphere with a radius r, given by Equation 42. Let the
inner radius be ri and the outer radius be ro. The difference between them is the Thickness of the
respective material in meters (T), the difference between the outer and inner radii can be written as
Equation 43. The next step is to calculate the outer volume in terms of the inner radius, using the
formula for the volume of a solid sphere. This can be used to express the outer volume Vo in terms
of the inner radius ri in Equation 44. Then, the hollow volume is calculated in terms of the inner
radius. The hollow volume is the difference between the outer and inner volumes: Vh = Vo − V .
Substitute the expressions for Vo and Vi in terms of the inner radius and Equation 45 is generated.
The final step is to adjust the equation as a function of the inner volume instead of the inner radius.
This is done by using the formula for the volume of a sphere, Equation 42. Which is solved for r
in Equation 46. Substituting this expression for r into the original formula for the volume of the
hollow sphere (Equation 45), Equation 27 is generated. This function describes the volume of the
spherical shell (Vh(Vi), as a function of the storage volume (V ).

V =
4

3
· π · r3 (42)

ro = ri + T (43)

Vo =
4

3
· π · (ri + T )3 (44)

Vh = Vo − Vi ⇒ Vh =
4

3
· π · (ri + T )3 − 4

3
· π · r3i (45)

r =
3

√
3 · V
4 · π

(46)
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Vh−GFRP (V ) =
4

3
· π · ( 3

√
3 · V
4 · π

+ T )3 − 4

3
· π · ( 3

√
3 · V
4 · π

)3 (47)

C.4 Repurposed-Basement Storage

The surface area Acuboid of a cuboid can be expressed as Equation 48, and the volume (VRBS) as
Equation 49, where l is the length and w is the width of the base plane. One of the variables
is eliminated to express the surface area as a function of the volume. Solving for l or w in the
other terms gives Equation 50. Substituting these values in Equation 48, and Equation 51 comes
out. Therefore, by simplifying, the surface area of a cuboid as a function of its volume, where the
height is known as 3m, is given by Equation 30. To calculate the Volume of the used insulation,
Equation 30 is multiplied by the insulation thickness (TXPS) as in Equation 49. This can be used to
calculate the GWP of the used XPS by multiplying it with GWPXPS . This is combined with the
GWP of the PCM capsules (Equation 24, to give the complete function of the GWP of the RBS,
see Equation 31.

A = 2 · l · w + 2 · l · h+ 2 · w · h (48)

V = l · w · h (49)

l =
V

wh

w =
V

lh

(50)

A = 2

(
V

h

)
+ 2h

(
V

l · h

)
+ 2

(
V

l · h

)
h (51)

Acuboid(V ) =
2 · 32

V
+

4 · V
3

(52)

VXPS(V ) = Acuboid(V ) · TXPS (53)

GWPRBD(V ) = VXPS(V ) ·GWPXPS +GWPCapsules(V ) (54)
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D Appendix 4: Influence of variables

Table 12: Variation values for each optimisation variable used to check that particular variable’s influence,
the middle column indicates the base values of the variables.

Optimisation variable Variation values

Column no.: 1 2 3 Base 4 5 6

HyTES tank height [m] 1 1.5 2 2.5 3 3.5 4

HyTES tank width [m] - 1 3 5 7 9 10

PCM packed bed starting position [−] 0.2 0.3 0.4 0.5 0.6 0.7 0.8

PCM packed bed thickness [−] - 0.15 0.3 0.5 0.7 0.9 1

Minimum HyTES energy level [−] - 0.4 0.3 0.2 0.1 0 -

DHW tank height [m] 1.6 1.75 1.9 2 2.1 2.2 -

DHW tank width [m] 0.5 0.8 1 1.2 1.4 1.6 1.8

Relative amount of PV panels [−] - 0.1 0.3 0.5 0.7 0.9 1

PV Azimuth angle [°] 90 120 150 180 210 240 270

PV Tilt angle [°] 0 7.5 15 22.5 30 37.5 45

Electrical power HP [kWelec] 2 5 8 11 14 17 20
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Figure 22: Influence spread of the different optimisation variables.
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Sensitivity LCOH

Table 13: Normalised relative difference in LCOH per optimisation variable, compared to the results of the
base value.

Optimisation variable: Relative Difference in LCOH

Column no.: 1 2 3 Base 4 5 6

HyTES tank height -15% -10% -5% 0% 4% 8% 13%

HyTES tank width - -35% -22% 0% 29% 65% 102%

PCM packed bed starting position -2% -1% 0% 0% -1% 1% 1%

PCM packed bed thickness - -1% -1% 0% 2% 3% 3%

Minimum HyTES energy level - 4% 2% 0% 0% 0% -

DHW tank height 0% 0% 0% 0% 0% 0% -

DHW tank width 1% 0% 0% 0% -1% -1% -1%

Relative amount of PV panels - 2% -2% 0% 3% 6% 10%

PV Azimuth angle 8% 2% 0% 0% 1% 3% 10%

PV Tilt angle 13% 2% 0% 0% 1% 2% 3%

Electrical power HP -2% -15% -8% 0% 10% 19% 29%

-20% -15% -10% -5% 0% 5% 10% 15% 20%
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Figure 23: Sensitivity spread LCOH zoomed in
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Sensitivity GWP

Table 14: Normalised relative difference in GWP per optimisation variable, compared to the results of the
base value.

Optimisation variable: Relative Difference in GWP

Column no.: 1 2 3 Base 4 5 6

HyTES tank height -21% -14% -8% 0% 7% 13% 22%

HyTES tank width - -48% -33% 0% 49% 115% 186%

PCM packed bed starting position 0% 0% 0% 0% -3% -1% -1%

PCM packed bed thickness - -2% -1% 0% 3% 5% 6%

Minimum HyTES energy level - 3% 1% 0% 2% 2% -

DHW tank height -1% -1% -1% 0% 0% 0% -

DHW tank width -5% -3% -2% 0% 1% 3% 5%

Relative amount of PV panels - -10% -6% 0% 7% 14% 22%

PV Azimuth angle 13% 1% -4% 0% -2% 3% 17%

PV Tilt angle 34% 8% -3% 0% -4% -5% -5%

Electrical power HP -2% -4% -3% 0% 6% 14% 23%
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Figure 24: Sensitivity spread GWP zoomed in
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Sensitivity SS

Table 15: Normalised relative difference in SS per optimisation variable, compared to the results of the base
value.

Optimisation variable: Relative Difference in SS

Column no.: 1 2 3 Base 4 5 6

HyTES tank height -10% -5% -1% 0% 2% 3% 3%

HyTES tank width - -16% -3% 0% 5% 11% 17%

PCM packed bed starting position 0% 1% -1% 0% 4% 0% 0%

PCM packed bed thickness - -3% -2% 0% -2% -1% -1%

Minimum HyTES energy level - -10% -4% 0% -3% -3% -

DHW tank height 0% 1% 2% 0% 1% 2% -

DHW tank width 3% 2% 2% 0% 0% 0% -1%

Relative amount of PV panels - -75% -20% 0% 15% 25% 34%

PV Azimuth angle -17% -21% -13% 0% -13% -14% 0%

PV Tilt angle 61% 19% -17% 0% -28% -36% -43%

Electrical power HP -38% -14% -4% 0% -1% -3% -4%
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Figure 25: Sensitivity spread SS zoomed in
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