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Abstract

District cooling (DC) networks are expanding. To accommodate future network ex-
pansion and mitigate increasing peak demand, thermal energy storage (TES) can be
incorporated into the DC networks. Decentralized storage has the potential to re-
lieve production and network capacity during peak demand hours by storing cooling
energy at individual customer sites. This thesis investigates the theoretical potential
of decentralized TES containing phase change materials, called latent thermal energy
storage (LTES), both from the perspective of the customer and producer. The anal-
ysis uses mixed integer linear programming (MILP) together with operational data
from a critical section of Gothenburg’s DC network (2025). The results indicated
that peak demand in the Almedal area could be reduced by 6.1% using measured
data, and by 10.0% with optimized operating conditions. Network flow reductions
were also evaluated, showing a decrease of around 3.2% using measured data, cre-
ating potential for new customers to connect to the network. Optimizing operating
conditions alone reduced the flow by 34.9%, while the addition of storage provided
a reduction by 10.0%. The economic analysis showed that profitability is highly
case-dependent and primarily driven by achieved peak reduction. While customers
generally benefit more economically from LTES implementation than producers, a
cost-sharing approach improved the profitability for both parties if sufficient peak
reduction is achieved. With the calculated investment cost of 2149 SEK/kWh, the
producer would be willing to cover between 45-81% of the investment to remain
profitable, depending on discount rate. In contrast, the customer could, indepen-
dently of discount rate, pay for the full storage and still remain profitable over a 10
year project period.

Key Words: PCM, district cooling, latent thermal energy storage, cooling storage,
Gothenburg, energy system modeling, linear programming, mixed-integer linear pro-
gramming, storage optimization, peak reduction, HVAC
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Installed LTES capacity for customer i [k1Vh]

Maximum mass flow rate for charging the LTES [kg/s]
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Specific heat capacity for water [J/kgK]
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1

Introduction

Rising global temperatures and increasing urban densification are increasing the de-
mand for cooling[5][6]. Cooling currently accounts for approximately 20% of global
electricity demand, a share expected to grow due to the continued urbanization,
increased living standards and economic development[7]. Today, most cooling in
EU-countries is provided by on-site systems, resulting in a high dependence on elec-
tricity for appliances and compressors such as air conditioners [8]. District cooling
(DC) networks offer an alternative approach by utilizing efficient energy conversion
technologies as well as natural cooling sources if temperatures allow it, therefore
providing an energy-efficient and cost-effective method of distributing cooling[9][7].

Gothenburg, the second-largest city of Sweden, has an expanding DC network in
response to growing demand. The network currently uses three production meth-
ods: natural cooling from the Goéta River, absorption chillers, and compression
chillers[10]. However, the operational mix varies with weather conditions and sea-
sonal variations. During warmer periods, the temperature of the Gota River be-
comes too high to be effectively utilized, this increases the reliance on absorption
and compressor chillers[11]. Similarly, during periods where high district heating
(DH) demand increases, there is a low supply of excess heat available for absorption
chillers. During these periods, additional cooling production from electrically driven
compressors is required to meet the cooling demand.

To improve and expand DC networks, peak-shaving strategies can be used. One
approach is thermal energy storage (TES), which allows excess cooling capacity to
be stored during periods of low demand and utilized when demand peaks, typically
during daytime hours[12]. Traditionally, centralized TES solutions such as large
accumulator tanks have been used to manage daily demand variations and improve
overall energy efficiency. Although, decentralized storage solutions located at the
consumer sites offers additional benefits compared to centralized ones, by reducing
flow and pressure constraints in the network, enabling greater utilization of existing
infrastructure[2]. Among TES technologies, latent thermal energy storage (LTES),
using phase change materials (PCM) is particularly suitable for decentralized cooling
applications due to its high energy density and operation within narrow temperature
ranges.

This thesis aims to investigate the use of decentralized storage within the DC net-
work of Gothenburg that is owned and operated by Goteborg Energi AB. The case
study consists of the Almedal area which is a critical part of the DC network. This



1. Introduction

area accounts for 4.95% of the annual production of cooling, and 6.20% of the total
network flow[2]. The area has 11 customers connected as of now and is likely to
expand in the future. Almedal is deemed critical since it is located far away from
production sites and is a branching section that does not form a loop.

In addition, pipe flow capacity constraints limit the DC system and restrict the
connection of additional customers[2]. If more customers want to connect to the
pipeline, the flow rate during peak hours will become a limiting factor until the net-
work is expanded or demand is reduced. When constructing new urban development
areas, connections to the DC network could be designed with storage integration in
mind, to potentially reduce the original peak flow rate. The planned Arena district
in Gothenburg is one of these areas, where decentralized storage potentially could
enable reduced flow rates and, consequently, allow smaller pipe dimensions in the
district cooling network[13].

1.1 Aim and Scope

The aim of this thesis is to investigate to what extent LTES can benefit the current
network with the Almedal area as a case study. The research questions are presented
below.

1. To what extent is LTES a feasible decentralized cold storage solution
for Gothenburg?
o Is LTES a suitable storage solution?
« What parameters are important when designing and fitting a LTES and
choosing PCM?
o« What PCM melting temperatures are compatible with Gothenburg’s DC
temperatures?
« What is a reasonable storage size for decentralized implementation, con-
sidering cost and operational impact?
o How can a LTES unit be connected to a substation?

2. How would decentralized LTES have affected operation in Almedal
during the summer period of 20257
e How would peak loads and demand profiles have changed with storage?
o« What economic benefits could decentralized storage have provided for
connected customers?

3. What are the theoretical possibilities of installed LTES in DC net-
works?

o What system requirements are of importance to effectively utilize LTES
in DC networks?

o To what extent can LTES increase available capacity and enable new
customers to connect to the DC network?

o What economic benefits can storage provide from a producer perspective,
through network expansion?
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1.2 System Boundary and Delimitations

The geographical boundary of the analysis consists of the Almedal area, located in
the southeastern part of Gothenburg and includes 11 connected customers. The
analysis is primarily based on measured data obtained from this area. However, op-
erational data related to cooling production and electricity use are, where necessary,
evaluated from a broader system perspective including the complete Gothenburg
DC network.

This study includes several delimitations. The first concerns the evaluation of PCM.
No specific PCM is selected or experimentally validated. Instead, the analysis is
based on a generalized PCM representing materials that are technologically feasible
and meet the defined performance criteria. No laboratory testing has been con-
ducted to determine the chemical composition or thermophysical properties of a
specific PCM. Consequently, the PCM used in the modeling is based on averaged
properties derived from literature for a suitable category of PCM.

Furthermore, this study is based on a case study of the Gothenburg DC network and
is therefore tailored to its specific operational conditions. As a result, the findings
are not, directly generalizable to other DC systems with different supply tempera-
tures, return temperatures, operating strategies, or system constraints.

The analysis is limited to the period between the first of May and the last of Septem-
ber, corresponding both to the availability of operational data and the period during
which cooling demand occurs and typically reaches its highest levels.

1.3 Methodology Overview

The theoretical foundation of the study is established through a literature review
of TES, PCM and DC networks, presented in chapter 2 and chapter 3. The review
focuses on the operational principles, advantages and limitations of PCM-based
storage systems, together with the characteristics and operational conditions of the
Gothenburg DC network. Due to PCM storage in DC networks being an emerging
technology, there are limited availability of large-scale operational data and theo-
retical studies. Therefore, pilot projects and simulation-based research were priori-
tized over extensive empirical operational studies. Relevant literature was identified
through targeted searches in academic databases including Scopus, ScienceDirect,
Web of Science and Google Scholar.

The modeling methodology is presented in chapter 4, where the literature findings
are combined with operational data obtained through collaboration with Gdteborg
Energi AB. Based on this, LTES configurations were developed and implemented in
a linear optimization (LP) model and a mixed integer linear optimization (MILP)
model. Further, the methodology includes assumptions regarding PCM- and the
DC network-properties as well as thermal calculations.
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The obtained results are presented and analyzed in chapter 5, including the reduc-
tion potential of the configurations, optimized operating conditions for the Almedal
area and economic performance. The results are then further discussed and ana-
lyzed in chapter 6, where the sensitivity analyses are presented along with further
evaluations of the results and the data. Finally, the main findings and conclusions
of the study are summarized in chapter 7.



2

Literature Review of Thermal
Energy Storage

This chapter provides an overview of the relevant TES technologies. The literature
review has a particular focus on LTES using PCM, which is the primary technology
investigated in this study. The chapter also presents PCM material characteristics,
system designs, and key design considerations relevant to DC applications.

2.1 Thermal Energy Storage

TES systems provide a method for storing energy used in cooling applications[12].
Cooling storage has the potential to reduce peak load in DC networks, thereby
limiting the use of electrically driven compressors that are currently used to meet
peak demand.[14]. Additionally, when used as a complement to a DC system, these
can help balance the gap between demand and supply, and ultimately increase the
maximal number of customers due to the peak flow rate being reduced with the
help of storage. The idea is to make use of available cooling capacity and charge
the storage during nighttime, when demand is lower, and then discharge the stored
cooling during daytime at higher demands.

There are three main types of TES that can be used; sensible thermal energy stor-
age, latent thermal energy storage and thermochemical energy storage[15]. In the
following section, each type of TES will broadly be described.

2.1.1 Sensible Energy

Sensible thermal energy storage (STES) is a commercially available technology that
exists today in different scales[16]. STES consists of thermal energy being stored
as a medium without undergoing any phase change, thus remaining in one phase
while varying in temperature[17]. STES can vary from short term to long term, and
a general example could be a large insulated tank with availability to store water
and maintaining its temperature through insulation. The amount of thermal energy
stored or released for a sensible storage process is given by Equation 2.1.

Q=m-c,  (AT) (2.1)

() equals the amount of thermal energy [J], m the mass of storage material [kg],
¢p the specific heat capacity that is averaged in the equation to be applicable for

5
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a wide temperature range [J/(kg - K)], and AT is the difference in temperatures
Teharge and Tyischarge, in [K] or [°C]. Therefore, to get a higher amount of thermal
energy (@), either m or AT needs to be increased.

The energy efficiency of STES can be very high for shorter periods thanks to a high
proportion of the stored energy being available to use[17]. The energy loss in STES
is dependent on factors such as the time the energy is planned to be stored, the
ambient temperature, and insulation of the storage container itself. For STES, a
wide selection of materials are available. When deciding upon a suitable one, prop-
erties such as cost effectiveness, low corrosiveness, climate impact and flammability
are important to consider. Other important aspects are high energy density and
high thermal conductivity. The operating temperature ranges can be tailored to
meet the system requirements, however they are constrained by the phase change
temperatures.

2.1.2 Latent Energy

Latent thermal energy storage (LTES) is a type of thermal energy storage where
the energy is stored in the phase change of a material[12]. This could be liquid to
gas and vice versa, or solid to liquid and vice versa. Latent energy is characterized
by large changes in enthalpy whereas the temperature remains near constant. This
makes LTES attractive when working with smaller temperature differences between
charging and discharging. Some requirement for suitable LTES system materials
include a small temperature phase change window that is compatible and chosen to
fit the existing equipment. Furthermore, thermal conductivity is important, along
with the chemical suitability and physical compatibility of the PCM with the en-
capsulating materials.

The definition of latent energy is defined in Equation 2.2. In this equation, it is
assumed that the entire mass of PCM will phase change, thus representing an ideal
phase change process[18]. @ is the latent energy [J], m is the mass of the PCM [kg]
and Ah,, the enthalpy difference per kilogram [.J/kg].

Q =m-Ah,, (2.2)

The phase changing consists of different steps. Looking at Figure 2.1, there are two
sensible energy zones and one latent energy zone during the complete phase change
of the PCM][19]. The sensible ones consists of the heating/cooling of the solid phase
as well as the liquid phase. The full representation of the phase change process
is thus a combination of the latent energy and sensible energy equation, and are
defined in Equation 2.3[18]. In this equation, there is a ¢, for both the solid and
the liquid phase. The integrals are calculated with respect to the temperature at
inlet of the heat transfer fluid (HTF) and the material melting point temperature,
as well as the melting temperature and the outlet temperature.

Tom T
Q= m-cp7sdT+m-Ahm—|-/fm-cp,ldT (2.3)
T, T
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Figure 2.1: PCM diagram of how the temperature varies during phase change.

Compared to STES, LTES has a higher energy density. Consequently, for the same
amount of stored energy, a STES system must be significantly larger to provide an
equivalent cooling capacity [20]. LTES releases and absorbs energy during the phase
change process, meaning that the temperature remains nearly constant when absorb-
ing or releasing the energy. This makes LTES achieve a narrow operating temper-
ature range, combined with higher energy density[12]. LTES is therefore presumed
to be better suited for control-oriented strategies and small-scale applications[20)].

2.1.3 Thermochemical Energy

Thermochemical energy storage (TCES) is currently in the formative phase[16].
Therefore, the market of TCES over the past years is limited, and consists mostly of
research and development projects as well as demonstration projects. This storage
method utilizes thermochemical materials as a way of storing or releasing heat[21].
This is done through a reversible thermochemical reaction and strong chemical
bonds, which provides a high energy density of the storage[22].

The different TCES alternatives are generally categorized as thermochemical absorp-
tion storage, thermochemical adsorption storage and chemical reaction storage[22].
The first two, absorption and adsorption, are the ones suitable for lower tempera-
ture applications. However, the working temperatures for charging the material are
often much higher, and often require temperatures above 50 °C. Consequently, this
type of storage is considered unsuitable in this context. The discharge can however
provide temperatures as cold as 5 °C.
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2.2 Phase Change Materials

Phase change materials have gained attraction in TES applications due to their
high energy density[23]. They are also highly customizable, as they have both
various melting points and characteristics that depends on the choice of material[23].
However, using PCM at large scale for TES is not yet commercial, and designing
one still has no guidelines and remains within the field of research[16]. Two of the
most important factors when choosing the PCM is its heat of fusion [k.J/kg], which
is the potential of energy that the material can store or release during the phase
change, as well as the thermal conductivity [W/(m - K)], which is how fast the
material can absorb and release heat. These properties are important because the
heat of fusion determines how much thermal energy the PCM can store and release
during the phase change, while the thermal conductivity determines how quickly the
material can transfer heat. Both of these properties directly affect the effectiveness
and utilization availability of the storage.

2.2.1 PCM C(Classification

Based on their chemical composition, PCMs can be classified as organic, inorganic
and eutectic[24][15]. Each type have its range of temperatures and characteristics,
along with its advantages and drawbacks. The classifications are illustrated in figure
2.2.

Thermal Energy
Storage

|

¢ i )
Sensible Energy Latent Energy Termo-chemical
Storage Storage Energy Storage
Phase Change
Materials
|
{ i )
Organic — Eutectic «—— Inorganic
Paraffin Non-Paraffin Salt Hydrates Metallic
¢ v )
Organic- Inorganic- Inorganic-
Organic Organic Inorganic

Figure 2.2: TES categorization with focus on PCM.

Organic PCMs can broadly be described as either paraffin or non-paraffin based.
Paraffin materials have similar properties, while non-paraffins each have their own
properties resulting in different characteristics[23]. However, there are several sim-
ilarities between the two types. They are all characterized by congruent melting,
meaning that the material can melt and freeze repeatedly without phase segrega-
tion or degradation of their latent heat of fusion. They also exhibit self-nucleation

8
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meaning they do not suffer from supercooling, and have low corrosiveness. However,
these materials also present several drawbacks. Paraffins suffer from low thermal
conductivity[24], and many of them have melting points way higher than the desired
temperatures for district cooling. Non-paraffins also suffer from low thermal con-
ductivity, and show potential issues such as toxicity and flammability[15]. Organic
PCMs are likely to require additional flame retardants or encapsulation to ensure
that the flammability risk is low|[25].

Inorganic PCMs are classified as salt hydrates and metallic. They both have high
thermal conductivity and latent heat of fusion[23][24]. Salt hydrates are notable for
their low melting temperatures and high energy storage densities, but suffer from
corrosiveness towards metals which in turn increases system costs and reduces the
lifespan of the storage[15]. Furthermore, salt hydrates can suffer from supercooling
due to the low rate of nucleation[23|. These characteristics need to be taken into
consideration, especially since they both affect the long-term capacity and cycling
performance of the storage[26]. Metallic materials have a very high thermal con-
ductivity, however require melting temperatures above the desired range of district
cooling and is therefore not applicable for this study[24]. Inorganic PCMs both
display a non-combustibility and a thermal stability[25].

Eutectic PCMs are a combination of either organic or inorganic materials, making
them highly customizable depending on the requirements[15]. They can be divided
into three subgroups respectively; organic-organic, inorganic-organic and inorganic-
inorganic.

2.2.2 Current Research and Applications

While few large-scale LTES are currently in operation, several studies and pilot
projects have been conducted on this topic. These can provide valuable insights and
guidelines that should be considered when designing LTES for large-scale applica-
tions.

Tan [16] investigated the performance of a PCM made out of commercial salt hy-
drates, as its high heat of fusion makes it a good contestant for storing energy.
However, it showed that the LTES using this material was limited by material
and device behavior. Experiments showed that phase separation, supercooling, and
lower-than-expected charging rates significantly reduced the usable storage capacity
compared to theoretical values.

Lamrani et al. [27] compared STES and LTES for building cooling using a validated
dynamic model. The chosen PCM-based systems showed superior performance over
chilled water storage, delivering longer periods of stable cooling and higher effective-
ness. An increase of the PCM tank volume further improved performance. These re-
sults demonstrated that, based on their developed model, high-energy-density LTES
were more effective for sustained cooling in district cooling networks.
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Bourne and Novoselac [12] developed and experimentally tested a PCM-based TES
for small to medium sized cooling systems. The PCM was macro-encapsulated into
cylindrical tubes and packed into a containment tank. The PCM consisted of 99%
tetradecane, and the freezing and melting temperature range was found using water
at 2 °C and 9 °C respectively. The experiment showed that freezing of the PCM
occurred between 5.4 °C - 5.5 °C, while melting occurred over a larger temperature
range of 4.5 °C - 6.5 °C. Furthermore, the PCM experienced supercooling during
solidification, and reached a temperature of 5.2 °C before freezing occurred. As
for cooling performance, water at 17 °C was used, and different flow rates were
measured. Results showed that the storage discharged faster as the mass flow rate
increased, and the water temperature increased faster as well.

Shao et al. [28] investigated a cascaded packed-bed tank system using two PCM
mixtures with different ratios of materials. The tanks were charged at 5 °C and
discharged at 12 °C, and both had the same energy storage capacity. They found
that one of the mixtures, with lower melting temperature consisting of 50%-50%
tetradecane-hexadecane, performed poorly during charging, while the latter, con-
sisting of 30%-70% tetradecane-hexadecane, performed poorly during discharging.
However, by combining the two mixtures in a cascaded arrangement, the system
achieved better overall efficiency during both charging and discharging, while still
storing the same amount of energy. This showed that using complementary PCMs
in sequence can optimize the thermodynamic performance of the tank.

Jokiel [29] analyzed a large-scale PCM storage system located at the University of
Bergen in Norway. The storage system consisted of four tanks, each with a volume
of 57 m?® and a storage capacity of 2810 kWh, making it the largest LTES system in
Europe. The storage was charged using chillers during off-peak hours and discharged
during periods of high demand, with the aim of reducing peak loads and smoothing
the load curve. Tests of the storage system showed that, during a 12-hour charging
and discharging cycle representing the standard operating mode, only around 50%
of the storage capacity was utilized. However, when the charging and discharging
periods were extended and the mass flow rate was increased, the PCM utilization
increased to almost 90%.

Cheng and Zhai [30] used a simulation model to analyze a cascaded packed bed
PCM unit and its thermal performance on charging, accumulated cold, and exergy
stored. They compared the results with those of a single-stage unit and found that
the temperature difference between the HTF and the PCM decreased over time,
causing the heat transfer rate to decline. In the cascaded unit, however, the hot
fluid continuously encountered cooler PCM throughout the heat transfer process.
As a result, the temperature difference remained relatively high, maintaining effi-
cient heat transfer. The cascaded unit was also found to be preferable, as it reduced
the charging time and increased the charging rate while storing nearly the same
amount of cold energy. It was therefore concluded that integrating cascaded cool-
ing TES with air-conditioning systems could help stabilize grid loads and thereby
reduce operating costs.
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Alam et al. [31] evaluated the energy-saving performance of an active PCM sys-
tem installed in a building in Melbourne. The system used macro-encapsulated
PCM with a phase change temperature of 15 °C to reduce daytime cooling loads
on chillers. Over 25 months of monitoring, the system reduced chiller cooling load
by 12-37% during colder months but remained largely inactive in summer. This
was due to ambient temperatures being insufficient for effective charging during the
warmer months. The study found that only a small portion of the storage capacity
was utilized. Operational inefficiencies were also identified, including suboptimal
control strategies and high pump energy consumption during charging which lim-
ited overall performance.

At ThumbsUp, which is part of RISE, several small-scale PCM storage units are cur-
rently being installed for testing purposes [32]. The project aims to integrate PCM
storage with a building’s domestic hot water system in order to improve energy
efficiency. The storage system is connected to the domestic hot water supply and
can be used for applications such as showering. According to the project descrip-
tion, one of the main challenges is designing a modular, efficient, easy-to-install, and
easy-to-operate system while maintaining high performance. In total, three LTES
units have been installed at the site [33].

Alam et al. [34] experimentally investigated the thermal performance of a PCM
storage system under varying water inlet temperatures and flow rates. The study
concluded that the PCM solidification rate is highly dependent on the inlet water
temperature, while it in contrast is less sensitive to the flow rate. However, it was
shown that during higher flow rates, the PCM solidifies more uniformly but also
suffer from a higher degree of supercooling. For a PCM with a melting temperature
of 13 °C, a water inlet temperature of 8 °C was recommended. It was also shown
that the solidification and melting time of the PCM differed, where the time for
solidification was longer than of melting. Finally, the PCM did never solidify or
melted fully, and the study stated that a loss factor should be considered when
designing a PCM tank.

2.2.3 Designs of PCM Storage

There are different ways a LTES can be designed. This thesis will investigate three
different configurations[35]. These are presented in Figure 2.3.

The first design method is defined as a LTES with a HTF passing through the PCM
medium in a vessel, e.g. through tubes. This is visualized in Figure 2.3a[16][36].
This type of storage completely surrounds the HTF with the PCM of choice. The
storage unit could be a basin or tank filled with PCM, with the HTF flowing through
pipes inside of it. The second method consists of the HTF surrounding the PCM
instead. This is visualized in Figure 2.3b and Figure 2.3c.

11
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PCM HTF
(a) A container with (b) PCM in a closed (c) Several PCM vessels
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Figure 2.3: Different LTES types.

The most common of the two is the later design, where several PCM units are
stored in the HTF. These can be encapsulated in shapes such as balls, pipes or
oval pods[37][38][39]. The advantages of this technique include more effective uti-
lization of the entire PCM volume, ensuring better solidification and liquefaction of
the material. One alternative is the use of tubular encapsulations, which consist of
pipe-shaped elements that can be stacked [40][41]. The spacing between the tubes
forms flow channels with a low pressure drop. Another alternative is spherical en-
capsulations, which can be manufactured in various diameters. These also allow the
HTF to flow between the encapsulated units. In addition, the encapsulations can be
stacked within flat containers, provided that sufficient space is maintained for HTF
flow. There are commercial PCM companies providing these, such as PCM Products
Ltd. Their rectangular blocks, called FlatICE, feature a self-stacking design that
forms a self-assembling heat exchanger (HX) within the tank. The structure creates
gaps between blocks, enabling flow paths and a large heat transfer area.

Different types of PCMs can be utilized and combined in an LTES design to form
a cascaded storage system [37][30]. Studies have shown that cascaded storage can
improve performance during both charging and discharging. Increasing the number
of PCM types from one to two results in a significant performance improvement,
whereas increasing the number from two to three provides a smaller additional ben-
efit. In general, using more than three PCM types is not considered advantageous,
as the increased cost and system complexity tend to outweigh the marginal perfor-
mance gains. Another advantage of encapsulated LTES systems is the improved
safety they offer when handling flammable PCMs, such as paraffin [38].

2.2.4 Design Complications

One risk when designing LTES includes the occurrence of unutilized zones that is
not within reach of the thermal diffusion[16][42]. This problem is mostly seen when
using the design presented in Figure 2.3a. This occur due to low thermal conduc-
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tivity of most PCMs and estimations prove that only a thin layer around the tube
with the HTF is actively storing the latent energy[16]. This along with the active
cooling /heating time are central limiting factors of the energy storage. It is therefore
important in the design to make sure to efficiently utilize the PCM by considering
the effective area of heat transfer within the given time frame. Appropriate scaling
and positioning of both tank walls and pipes must also be taken into consideration.
One way to reduce the risk is to ensure that the PCM tank is sufficiently small,
to ensure effective thermal diffusion through the tubes.[36]. Another way is to use
several shallow tanks of PCM, such as the design visualized in Figure 2.3c.

Another problem with some types of PCM is the occurrence of phase separation.
This occurred during testing of inorganic salt hydrates at Chalmers, and the effect
caused a need for the mixture to be stirred after only a few cycles since the heavy
molecules moved to the bottom of the tank over time[16]. The heavy molecules also
happened to be the more effective thermal carriers of the bunch, causing uneven
solidification of the material in the tank. This problem can be mitigated in the
same way as for the low thermal conductivity, i.e. by using smaller containers and
increase the heat transfer area.

Previous testing of different PCMs has shown that the materials do not melt and
solidify at identical temperatures. Furthermore, the fraction of the total latent en-
ergy that is available for heating or cooling is not uniformly released or absorbed
throughout the phase transition. Pluss Advanced Technologies, a supplier of com-
mercial PCMs at various phase change temperatures, has characterized the thermal
performance of PCM materials and reported temperature gliding behavior [43][44].
This temperature glide implies that, although a PCM is assigned a designated melt-
ing and freezing temperature, the phase transition occurs over a temperature interval
rather than at a single isothermal point as shown in Figure 2.1. Consequently, the
latent heat is distributed across a finite temperature range, meaning that the energy
available at any specific temperature within the phase change region is not constant.
As stated in previous sections, many PCMs suffer from a phenomenon called su-
percooling. Supercooling occurs when the material remains in a liquid state at a
temperature below its melting temperature [45]. This has several disadvantages.
First, the effective melting temperature may deviate from the designed operating
range, as the phase change is delayed to lower temperatures. Second, more energy
is required to initiate solidification, since the system must first remove additional
sensible heat before the phase change can begin [46]. As a result, the phase change
duration may also be delayed. Supercooling is more commonly observed in inor-
ganic and eutectic PCMs, however it may also occur in organic PCMs when the
encapsulation volume is small. This is because smaller containers contain fewer nu-
clei, i.e. initial sites where crystallization begins, which increases the risk of this
phenomenon.
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Theoretical Framework for
District Cooling

This chapter begins with an overview of DC systems, including technical descrip-
tions and equations. It then introduces the DC network in Gothenburg along with

relevant technical details. Finally, the chapter presents the specific case study area
of Almedal.

3.1 District Cooling Systems

In a DC system, chilled water is distributed through pipelines from cooling pro-
duction facilities to buildings[9]. Broadly described, it consists of a cooling source,
a distribution network, and substations where the buildings are connected to the
system. The substations, also referred to as energy transfer stations, deliver either
direct or indirect cooling. Direct cooling means that the DC water is distributed
directly to the building, while indirect cooling uses HXs between the DC water and
the building’s internal cooling system[47]. An overview of a DC system with an
indirect cooling substation is presented in Figure 3.1. In the DC system in Gothen-
burg, all buildings are supplied with cooling indirectly. For this reason, the following
analysis in this thesis will be based on indirect cooling.

Cooling source

Distribution network Substation

4
]
|

Building's
internal chilled
water system

!

To/from other
buildings

Figure 3.1: Overview of a DC system

DC systems can make use of available cooling from the surroundings, which is
referred to as free cooling. These include sources such as oceans, deep lakes or
aquifers[47]. The utilization of such sources depends on their temperature, which
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varies with the outdoor temperature[l]. Therefore, when the temperature of the
free cooling source is too high and the system is not able to utilize it, alternative
production methods must be implemented to meet demand. These methods can be
either absorption chillers or compression chillers[48]. Absorption chillers produce
cooling from excess heat, whereas compression chillers solely rely on electricity[1].
These machines are located at production sites, and are designed to receive water
with a supply temperature of 14 °C or higher|[2].

3.1.1 Technical Description of a District Cooling substation

At the substation, water from the DC network is delivered to the buildings indirectly
through a HX, usually a plate HX[9]. The HXs acts as an interface between the
primary side, the producer of cooling, and the secondary side, the customer|[1]. If
assuming steady flow, constant specific heat and negligible losses to the surrounding,
the heat transfer between the two sides in the HX are[49]:

Qp'roducer - chstomer (31)

or, if expanding:

mp'roducer *Cp - A,-Tp'roduce'r’ - mcustamer “Cp - Atrcustomer (32)

m is the mass flow, which is equal to the fluid density p multiplied by the volumetric
flow V. ¢, is the specific heat capacity and AT is the temperature difference between
the supply and return temperature on the respective side of the HX. It should be
noted that, in this thesis, the density and specific heat are assumed to be unaffected
by temperature and pressure, and are therefore considered constant.

A schematic of a DC substation is visualized in Figure 3.2. The DC network water
enters the HX from the primary side and cools the water on the secondary side before
returning to the production site. The amount of heat transfer needed is determined
by the temperature difference between the secondary side supply and return water,
as well as the mass flow rate. In other words, the customer’s cooling demand de-
pends on how much heat must be removed to keep its supply water at the desired
temperature. If the supply temperature on the secondary side does not reach the
desired level, the cooling delivered by the producer is increased by adjusting the
mass flow rate. The mass flow rate is controlled by the control valves. These are
connected to the supply temperature on the secondary side via a control unit, and
can therefore be adjusted according to demand|[2].
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Figure 3.2: Schematic of a DC substation|[1].

The thermal interaction between the primary side and the secondary side of the HX
can be described in terms of the heat capacity rates of the two fluids[49]. The heat
capacity rate represents the ability of a fluid stream to absorb or release heat per
unit temperature change, and is defined as:

Cp = MyCpyp (3.3)

Cs = miscp s (3.4)

where C,, , is the heat capacity rate on the primary side and C,, ; is the heat capacity
rate on the secondary side.

A substation’s pressure difference is typically regulated using pumps or control valves
to compensate for and control the pressure losses that occur across the HX[50]. On
the secondary side, pumps are the more common design choice.

3.1.2 Low delta-T syndrome

The design guidelines for a DC substation recommend that the flow rates on the
primary and secondary sides should be balanced[50]. However, in practice, the
secondary-side flow rate often exceeds that of the primary side, causing the supply
temperature on the secondary side to increase[51]. As a result, the system tem-
perature difference decreases, a phenomenon referred to as the “low delta-T syn-
drome.” This syndrome negatively affects the DC network by requiring higher flow
rates on the primary side to provide the same cooling load, leading to additional
pumping demand and increased cooling production and thereby reducing the overall
system efficiency. This can be caused by several factors. However, issues such as
non-optimized secondary side supply temperatures and low secondary side return
temperatures have been identified as some of the issues[52].
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3.2 District Cooling Network in Gothenburg

The DC network in Gothenburg, managed by Goéteborg Energi AB, currently con-
sists of 8 production facilities connected to the DC grid. These are indicated by
green dots in Figure 3.4 and listed in Table 3.1[2]. The total system capacity is 78.5
MW, and the annual demand is approximately 90 GWh. The Rosenlund production
facility is the largest in the system, accounting for over 40% of the total capacity.
The pipeline network spans roughly 50 km and is distributed across the city.

Table 3.1: The producers of the DC network, in order of size.

Producers Installed Capacity
[MW]
Rosenlund 32
Lindholmen 15.6
Gullbergsvass 11
Ceres 5.6
Odin 4.2
Svenska Méssan 4.1
Arkaden 3
Sahlgrenska 3
| Total \ 78.5 |

Due to the climate and seasonal variations in Gothenburg, its cooling demand
changes throughout the year. It reaches its peak in the summer months, usually
between May and August, whereas production is at its minimum between December
and February[2]. This is visualized in Figure 3.3, which shows the monthly variation
of cooling demand between the years 2020-2025. Customers in DC systems are most
often office buildings, industrial facilities, and commercial buildings[53]. In Gothen-
burg, the majority of customers are office- and commercial buildings, resulting in
daily peak demand during daytime hours and reduced demand at night.
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Figure 3.3: Monthly variation of cooling demand across different years.
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3.2.1 Almedal Area

The Almedal area, the case study of this thesis, is far away from the DC production
sites as shown in Figure 3.4. This results in hydraulic limitations within the net-
work, since pumping is required to ensure sufficient supply temperatures and flow
rates to the customers[2]. As the cooling demand increases and more customers
are connected, water flow capacity may become a critical limiting factor that could
hinder future network expansion. As of now, the maximum flow rate possible in the
system is 600 m?/h with the current pumps and pipe system[2].
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Figure 3.4: DC network in Gothenburg with the Almedal area within the red
dotted line, green dots are production sites[2].

The area consists of 11 customers of different sizes and varying cooling demand. In
Figure 3.5, the peak load between 1st of May and 30th of September for each cus-
tomer is presented, alongside with the total cooling demand over the whole period.
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Figure 3.5: Peak load along with seasonal total cooling for each customer.
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The average temperature difference, average supply water temperature and average
return water temperature on the primary side are presented in Table 3.2. It is
worth noting that the averages are calculated using the operating hours during
which cooling is active.

Table 3.2: Average temperature difference, supply temperature, and return
temperature on the primary side for each customer over the study period.

Customer AT Supply Return
Number [°C] Water [°C| | Water [°C]
1 13.9 7.0 20.9
2 7.0 6.5 13.5
3 7.2 7.1 14.3
4 4.7 6.3 11.0
5 8.3 7.2 15.5
6 7.4 7.9 15.3
7 5.7 6.4 12.1
8 8.1 7.7 15.8
9 9.0 7.1 16.1
10 8.5 6.4 14.9
11 7.7 6.9 14.6

3.2.2 Arena area

Goteborgs Stad is currently planning a new area around Valhallagatan[13]. The
construction plan includes a new arena, sports halls, housing, and office buildings,
with the intention of making Gothenburg a more attractive option for both events
and the citizens. Goteborg Energi intends to supply the area with district cooling,
with an estimated cooling requirement of 4.2 MW. To supply the new area with
cooling, a new pipeline would have to be built which is proposed to be connected to
the Almedal pipeline.

The current proposal from Goteborg Energi is to use an outer pipe dimension of
315 mm, which would run approximately 250 m[54]. Additionally, a control valve
would have to be installed. The pipe dimensions have been calculated based on
estimations of the demand. The costs and maximum allowable mass flow rate for
the 315 mm as well as the smaller size of 280 mm are presented in Table 3.3.

Table 3.3: Costs for different pipe dimensions and control valves.

Pipe dimension Maximum Cost for pipe | Cost for control
[mm)] mass flow [m?/h] [SEK/m] valve [SEK]
315 408 21 735 82 426
280 300 20 261 74 793
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3.2.3 Cooling Production

The DC system in Gothenburg uses free cooling, absorption chillers and compression
chillers in order to meet their demand[3]. Their respective share for 2024 and 2025
is presented in table 3.4, where production with absorption chillers has the largest
share and free cooling the smallest. Furthermore, the absorption and compression
chiller load between 1st of May and 30th of September is presented in Figure 3.6.

Table 3.4: Production share of cooling methods for 2024 and 2025[3][4].

Production source | Share 2025 [%] | Share 2024 [%)]
Free cooling (Géta river) 16 20
Absorption 53 58
Compression 31 22

Even if free cooling is preferable due to its low electricity consumption and cost,
it only accounts for 20% of the total annual cooling supply. This is largely due
to Sweden’s climate, which creates seasonal variations in not just cooling demand
but also source availability. During winter, when temperatures are low, the Gota
River is sufficiently cold to provide most of the required cooling. This is also due
to the demand being lower during winter. Free cooling from the Géta River can
be used when its temperature is around 5 °C or lower. In contrast, during summer
and warmer periods when cooling demand reaches its peak, the Gota River is too
warm to be used as a primary cooling source. This is the reason why free cooling
is not represented in Figure 3.6. During these periods however, the Gota River can
instead be used to precool the returning DC water before it enters the chillers, if
the river temperature is below the return temperature. This reduces the load on
the absorption and compression chillers, which must then meet the remaining cool-
ing demand[1]. Additionally, during summer, available excess heat from industrial
and waste facilities is at its peak due to low demand in the district heating system,
meaning a large amount of heat is available for the absorption chillers.

In terms of efficiency, absorption and compression chillers require different amounts
of electricity to produce cooling[2]. Absorption chillers generally consume less elec-
tricity than compression chillers, making a reduction in the use of compression
chillers the more desirable option. To compare the different electricity inputs, the
energy efficiency ratio (EER) can be used[55][56]. EER is equivalent to coefficient
of performance (COP), but specifically used for cooling systems. Furthermore, the
seasonal energy efficiency ratio (SEER) is used to provide a more representative
measure of day-to-day operation[57]. To account for entire production sites and
supporting systems within the network, such as pumps, a network SEER is con-
sidered. The system EER includes both the chiller itself and supporting systems,
such as the pump and its cooling tower. The standard system EER for absorption
chillers and compression chillers are presented in Table 3.5.

Critical periods occur in May and October. This is due to warmer outdoor temper-
atures, causing the Gota River to become too warm for cooling use, while district
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Table 3.5: Standard system EER for different cooling production sources.

heating demand remains relatively high[2]. This results in limited excess heat avail-
ability, and the lack of absorption chiller production can be seen in Figure 3.6.
The combination results in peak production from compression chillers, that reduces
the network SEER. Also, during the warmest periods, when cooling demand peaks,
excess heat is available but insufficient to cover the total demand. Consequently,
compression chillers account for a large share of the cooling production, which like-
wise decreases the network SEER. In contrast, during the winter months, the system
can be supplied with free cooling, increasing the network SEER significantly due to

Production source | System EER
Absorption chiller 30
Compression chiller 5

the low electricity consumption. This is visualized in Figure 3.7.
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Figure 3.6: Cooling share produced by compression and absorption chillers.
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Figure 3.7: Monthly variation of the Network SEER across several years.

In addition to the undesirable increase in electricity consumption associated with
compression chillers, the maximum cooling capacity of the DC network also con-
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strains the system [2]. As stated in chapter 1, the cooling demand in Gothenburg is
increasing as more customers seek connection to the district cooling network. Dur-
ing periods of high demand, customers require higher flow rates, which can lead to
areas of the network where the flow cannot be further increased due to excessive
pressure losses. This limitation is particularly problematic because many potential
new customers are located far from pumping stations and production facilities. Such
a situation exists in the Almedal area, where hydraulic constraints have resulted in
the network almost reaching its maximum allowable mass flow rate during high
demand periods, preventing further increases in cooling delivery.

3.2.4 Technical Description of a District Cooling Substation
in Gothenburg

As stated in subsection 3.1.1, customers are supplied with cooling through sub-
stations located along the DC network. The DC supply water has a temperature
requirement of 6 + 1 °C, and the return temperature is designed to be > 16 °C[58].
However, in practice, the return temperature is more likely to be around 14 °C due
to different characteristics of individual substations (e.g. automation, fouling on
HXs etc)[2]. In the district cooling network, the pressure is expected to reach a
maximum of approximately 10 bar, although the actual pressure varies considerably
depending on elevation and the distance to the network pumps. The pressure on
the secondary side is generally lower.

The secondary side supply temperature has a requirement of 8 °C, but may vary
depending on the supply temperature on the primary side. The customer supply
temperature can physically never be lower than the supply temperature on the pri-
mary side. The HXs are dimensioned to deliver a minimum temperature difference
of 2 °C, which means that if the supply temperature at the primary side exceeds
6 °C, the supply water on the secondary side will adjust correspondingly[59]. This
function can be regulated at the control unit and is preferred to avoid short circuits
in the system. If the control function is not in place, then the control valve on the
primary side would increase the mass flow rate to try to obtain the desired tem-
perature of 8 °C. Since the HX is not dimensioned to fulfill this requirement, the
mass flow rate would therefore become excessively high which results in unnecessary
pumping requirements as well as problem with meeting the design properties of the
chillers. The chillers are designed for a maximum flow rate as well as incoming
temperature. This results in higher costs for both the customer and producer. As
for the customer return temperature, a desired temperature is 18 °C, but can differ
depending on the building’s demand[60].

There are three different agreements that the customer can choose between when
connecting to the DC network|[58].

o Goteborgs Energi owns the substation alongside with the control equipment
(FK21)

» Goteborg Energi owns the substation but not the control equipment (FK22)

« The customer owns both the substation and the control equipment (FK30)
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Currently, FK22 and FK30 are the most common agreements, meaning that the
customer is responsible for the control unit. This gives the customer full control and
responsibility for operating the substation. Under these agreements, the customer
must ensure that the substation operates according to Goteborg Energi’s technical
requirements, such as regulating the supply temperature and managing the mass
flow rate[58].

3.2.5 Cost Calculations

The pricing of DC bought from Go&teborg Energi AB is divided into three sec-
tions: energy, capacity and flow[61]. The energy price states the total energy usage
throughout the year. It is calculated by multiplying the total energy usage with the
energy price, which varies monthly. Equation 3.5 states the calculation while the
specific values of the monthly energy price is specified in Table 3.7.

month

Cenergy,tot — Z (CzneTgy . E]Zot) (35)
k=1

The capacity cost depends on the maximum capacity usage, which either corre-
sponds to the maximum measured capacity over a 12-month period or a pre-defined
contracted value, representing the maximum capacity the customer can access[61].
The capacity cost is divided into two price components: a fixed component and a
variable component. Both components depend on the maximum power usage, and
the price categories are presented in Table 3.6. The total capacity cost is calculated
according to Equation 3.6.

Ccapacity,tot — (Ccapacity,fixed(Pmaz)> + ( Ccapacity,variable . Pma:r) (36)

Table 3.6: DC capacity cost.

pmaz Ccapacity7 fixed capacity,variable

¢
(kW] [SEK /year] | [SEK/kW year]
0 - 100 23 670 1 020
100 - 250 40 270 854
250 - 500 80 020 695
500 - 1 000 120 020 615
> 1000 149 020 586

The flow price depends on the total flow[61]. The total flow is, similar to the energy
price calculation, accumulated monthly and multiplied with a flow price that varies
monthly. The flow is given in cubic meters, and the prices are stated in Table 3.7.
The flow price is calculated through Equation 3.7.

l month P
cflowstot _ Z (Ck ow ktot) (3‘7)

k=1
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Table 3.7: DC energy and flow price.

month Eft o
[SEK/MWh] | [SEK/m?]

Jan 111 0.50
Feb 111 0.50
Mar 111 0.50
Apr 205 1.20
May 280 1.35
Jun 298 1.35
Jul 298 1.35
Aug 298 1.35
Sep 298 1.20
Oct 291 0.50
Nov 234 0.50
Dec 111 0.50

In addition to what the customer pays for cooling, Goteborg Energi must cover
the electricity costs required to operate both compression and absorption chillers|2].
These costs include the grid usage fee, electricity tax, and the variable electricity
price of the specific price region in Sweden. Together, these components form a
combined electricity cost, evaluated on an hourly basis, and covers both electric-
ity energy consumption and power demand. The total electricity cost is given by
Equation 3.8.

month . month i f .
electricity qri ee energy tax el price
> = > (c + ¢, + ¢ ) (3.8)
k=1 k=1

3.3 Integration of TES in the District Cooling
System

Integrating TES into a DC system can be implemented either though a central stor-
age or decentralized storage. In centralized configurations, storage units are installed
at a main plant and serve the entire distribution network. In contrast, decentralized
integration places storage units closer to end-users, such as within buildings or at
substations[14][62]. This thesis will exclusively focus on decentralized thermal en-
ergy storage solutions located at the substation level.

Short-term TES in DC systems is particularly valuable due to daily variations in
cooling demand, especially during peak summer periods when temperatures can
fluctuate significantly between daytime and nighttime[63]. By storing excess cool-
ing capacity during low-demand periods and releasing it during peak demand, TES
can reduce peak loads and maintain a more stable and efficient network operation
throughout the day. Daily TES systems generally do not require large storage vol-
umes, as their primary purpose is to shift energy over short timescales, such as from
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daytime production to evening consumption.

Decentralized TES is typically implemented at the substation level to handle daily
variations[64]. Placing TES at substations eliminates the need to transport cooling
over long distances from a central source. This reduces pipe sizing requirements, and
avoids modifications to the existing network infrastructure[62]. In addition, during
peak load, decentralized placement reduces the demand for circulation pumps, as
lower mass flow rates are required to meet the energy needs of the system. In-
stead, the load is expected to become more evenly distributed as demand is shifted.
Therefore, decentralized TES does not only improve operational efficiency but also
contributes to energy savings during peak hours in the network, providing both
operational flexibility and cost efficiency. Consequently, the electricity usage is in-
creased during during off peak hours.

The implementation of TES also involves several drawbacks that must be consid-
ered when integrating it into DC systems. First, TES requires a capital investment,
regardless of its size or efficiency. The investment cost is strongly influenced by
the complexity and type of TES technology selected[14]. Another important con-
sideration is the physical space required for installation. Although decentralized
TES units are smaller than large centralized systems, having multiple units across
substations can be time-consuming and costly to implement. Consequently, careful
planning is needed to balance the benefits of decentralized TES with the associated
financial and spatial constraints.

3.3.1 Substation-Level LTES Integration in District Cooling
Networks

There are several ways to implement a TES at the substation level. However, one of
the main challenges in DC networks is the narrow temperature difference between
the supply and return water[63]. Even though LTES is attractive due to its high
latent heat capacity which allows a significant amount of energy to be stored or
released over a small temperature range, the integration introduces specific opera-
tional and design requirements.

To effectively charge the storage, the heat transfer fluid from the network must be
colder than the phase change temperature of the PCM|[65]. In contrast, during dis-
charge, the heat transfer fluid that is to be cooled must be warmer than the PCM
temperature to extract the stored cooling. Furthermore, if additional HXs were used
to separate the LTES from the main flow, the heat exchange would result in even
smaller temperature differences. This, in combination with the already narrow tem-
perature difference in DC networks, creates a critical design challenge. The PCM
material must satisfy the temperature criteria to be effectively utilized, while at the
same time fulfill both cost and spatial requirements in order to be advantageous and
favorable.
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Model Methodology

This chapter presents the methodology used to develop the model in this thesis.
It begins with a description of the data collection and processing procedures. The
chapter then introduces the mathematical model developed for the analysis, includ-
ing its formulation, objective function, and constraints, as well as the methods used
for model validation. The economic assessment method and the key assumptions
underlying the study are also presented. Finally, a sensitivity analysis is conducted.

4.1 Data Collection and Handling

To enable scenario comparison and assess potential system improvements, measure-
ment data from Géteborg Energi AB was used as input for modeling. The datasets
include customer data and measurement from Almedal, total production data of
the whole system, output parameters of the provided cooling to Almedal and elec-
tricity prices. Furthermore, datasets including yearly cooling production, electrical
requirements and EER were provided.

The data included load, volume flow as well as supply and return temperature for
each customer. The production data file contained total production of district cool-
ing, added electrical power, absorption cooling production output and compression
cooling production output. The electricity price file included the electricity grid fee,
energy tax of electricity and the electricity price of the specific area SE3 in Sweden.

All the dataset provided was time-aligned and reported at one hour intervals, cov-
ering the period from first of May to last of September of 2025. These dates were
of interest since this is when district cooling demand increases as well as when Gota
river becomes too warm to exclusively cool the DC water.

4.2 Configuration Setup

To evaluate whether LTES in the DC system in Gothenburg can help reduce peak
demand and smoothen the load curve, two different configurations was investigated.
The first configuration involved the storage system pre-cooling the return water
from the customer by being connected to the return pipe. The second configuration
was connected in parallel, cooling a fraction of the return water from the customer
before being mixed with the fully cooled water from the HX. The configurations are
visualized in Figure 4.1a and Figure 4.1b. For configuration 1, a linear optimization
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model was constructed. For configuration 2, a mixed-integer linear optimization
model was used.
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(a) Configuration 1: Pre cooling serial connected LTES configuration.
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(b) Configuration 2: Parallel connected LTES configuration.

Figure 4.1: Components: 1. Splitter & Throttle Valve, 2. Throttle Valve, 3.
Thermometer, 4. Mixer, 5. Pump.

4.3 Model Construction

Both models were created in Python using PuLP, a python library package designed
for supporting different type of modeling[66]. It is an open source library that uses
solvers such as Computational Infrastructure for Operations Research (COIN-OR).
COIN-OR’s branch cut solver, CBC, was used as the linear programming and mixed
integer linear programming solver[67]. Both models were based upon the same
framework, with modifications introduced to meet the specific requirements of each
configuration.
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For both models, the mass flow rates on the primary side and secondary side were
assumed equal. This is due to lack of data regarding the temperatures and mass
flows on the secondary side, and to it being recommended by the design guidelines
for DC substations[50]. Consequently, since both sides have water as their HTF, the
specific heat capacity will be similar and thus their respective heat capacity rates
will be equal (from Equation 3.3 and Equation 3.4). This will result in that AT
throughout the heat transfer will be constant, which means that the temperature
difference between the cold inlet fluids will be the same as the hot outside fluids.
This is visualized in Figure 4.2.

AT1 =AT2

Figure 4.2: Visualization of the temperature changes of two fluids with equal
heat capacity rates during heat exchange.

AT was assumed to be 2 °C. That is, the supply temperature coming out of the
heat exchanger on the secondary side will always be 2 degrees higher than the
supply temperature on the primary side. The same is valid for the return water
temperatures.

TP =T 42 (4.1)

Ly =1 + 2 (4.2)

For sizing the LTES, the FlatICE design described in subsection 2.2.3 was used as
a reference. This since it is a commercial product that has been tested in several
studies, such as those by Jokiel [29] and Alam et al. [34]. One FlatICE container is
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scaled at 500 mm x 250 mm x 40 mm, or 0.005 m?. In this thesis, the PCM type S10
will be used[40]. This material has a melting temperature of 10 °C. One container
weigh 5.59 kg and has an energy storage capacity of 0.220 kWh. In Table 4.1, the
properties for one LTES unit used are presented.

Table 4.1: Properties for the LTES used.

No. of LTES | No. of FlatICE | Volume | Weight | Capacity

-] -] [m”’] kg] [EWh]
1 200 1 1118 14

Each customer is evaluated with between 0 and 10 LTES units to determine the most
suitable storage capacity. The total storage capacity is assumed to be proportional
to the number of LTES units. Let C'AP; denote the storage capacity for customer
i. Since each unit provides 44 kWh, the total storage capacity is given by

CAP; =44 - N (4.3)

where

N e £0,1,2,...,10} (4.4)

denotes the number of LTES units assigned to customer i. Furthermore, the total
maximum production flow used for charging the LTES is defined as:

mcharge — szunit (45)

The maximum mass flow rate used for charging the LTES is equal to the number of
storage units assigned to each customer. For example, if a customer has one storage
unit, the maximum mass flow rate for charging will be 1 kg/s, which equals 3.61
m?/h. This value was chosen to ensure that the storage can be fully charged during
the night, using a supply water temperature of 7 °C, while avoiding a significant
increase in cooling production during this period. The choice of 7 °C also ensures
that the storage can still be charged even if the supply water temperature on the
primary side does not reach its optimal value of 6 °C.

The models have an hourly time resolution and operates between first of May and
last of September to match the provided data given for analysis. They simulate the
daily operation of a customer-level TES system, with the objective of minimizing the
daily peak load which is determined by the net load after charging and discharging
of the LTES. Both models have the following decision variables:

SOC;, (
charge; (
discharge; (
(

peak; 4
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The objective function of both models is to minimize the daily peak load. That is:

24
min peak; 4+ « - Z charge; s - load, ¢ (4.10)
=1

where:

a =0.001 (4.11)

a is a small weight, which act as a penalty for charging the storage during high
load. This is implemented to ensure charging is done during the hours of lowest
load. Otherwise, the solver charges in the beginning or the end of the charging
window, as long as it does not affect the peak of the day.

SOC;, is the state of charge of the LTES, charge;; and discharge;; is the hourly
charging and discharging power and peak; 4 is the daily peak load. SOC;; evolves
according to the following constraint:

SOC; 141 = SOC; 4 + charge; y — discharge; ; (4.12)

The constraint states that the state of charge in the following hour is determined by
the current storage level and the added or subtracted charge or discharge. Further-
more, to ensure that the storage does not undergo zero and never exceeds maximum
capacity, the following constraints are added:

SOC;, >0 (4.13)
SOC;; < CAP, (4.14)

The models also have to make sure that the peak load have to be at least as large
as the load, charge and discharge at each hour combined. Furthermore, the load,
charge and discharge at each hour also have to make sure never to undergo zero.

load, ; + charge; — discharge;; > 0 (4.15)

peak; 4 > load; ; + charge; ; — discharge; ; (4.16)

In addition to the decision variable constraints, the charging and discharging vari-
ables are further constrained to be available during certain hours. Due to the load
curve of the customers, the charging is said to be done during nighttime (20:00 -
07:00) and discharging during daytime (08:00 - 19:00).

h >0 Vi charge
charge, , = Charglir = € Tonarg (4.17)
7 07 vt ¢ %harge
d' h > 0 \V/t ischarge
discharge; , = IDERATEEir = € Tancharg (4.18)
’ O, vt ¢ 7:iischarge

It is assumed that the storage system has knowledge of the daily load profile. Specif-
ically, at the end of each day (20:00), the storage is assumed to know the load for
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the entire upcoming 24-hour period. Based on this information, the model can de-
termine the optimal schedule for charging and discharging.

ThrEs and Tyl 5. . are the temperatures of the water exiting the PCM storage after
charging or discharging. The outlet temperatures of the water during charging and
discharging of the storage are set to be 2 °C above or below the storage’s melting
temperature.

Tharge = Tmait — 2 (4.19)
Tiischarge = Tmett + 2 (4.20)
TELES — 10 (4.21)

4.3.1 Configuration 1 - Serial

In configuration 1, both charging and discharging variables are constrained with
respect to temperatures. The following constraints were added to simulate the
charging and discharging behavior of the system. 7, is the mass flow rate of the
return water on the secondary side.

s charge | . LTES __ rpsup,p ; Sup,p LTES
Cha’rgei,t S m Cp (Tcha'rge T;,t ) Zf ,I;,t S Tcharge (4 22)

¢ psup,p LTES
0 if T, > T,

charge

charge,; , = {

: : ret,s LTES ; ret,s LTES
dlSCha’rgei,t S Mg Cp - (fri,t - discharge) Zf iri,t 2 Tdischarge (4 23)

; ret,s LTES
0 if T < T,

discharge

discharge, , = {

Equation 4.22 ensures that charging only can occur if the supply temperature on
the primary side is less than or equal to the outlet temperature of the LTES during
charging. If the water temperature is higher than this, the temperature would not
be low enough to allow efficient charging of the storage. This value was chosen with
respect to the study made by Alam et al. [34], which concluded that the tested PCM
was able to solidify when the inlet water temperature was 3 °C lower than the melt-
ing temperature, but not when only 1 °C lower than the melting temperature. The
constraint was therefore set in between these values. Similarly, from Equation 4.23,
if the temperature of the secondary side return water is too low, the LTES would not
be able to pre-cool the water effectively and thus no discharging can be made. No
previous studies was found regarding the effectiveness on discharging with respect to
water inlet temperature, and therefore a similar temperature of 2 °C above melting
temperature was set.

In this model, the amount of charging and discharging is assumed to depend on

the temperature difference. That is, the mass flow rates are kept constant at each
time step, so changes in the amount of charge or discharge directly affect the outlet
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temperature. However, the outlet temperature will never be lower or exceed the
values stated in Equation 4.19 and Equation 4.20.

The first configuration will always be able to provide the customer with the desired
temperature, i.e. T;,;”°. This since the full fraction of mass flow will be pre-cooled,
and later fully cooled by the HX at the substation.

4.3.2 Configuration 2 - Parallel

For configuration 2, the idea is to redirect a part of the return water on the secondary
side into the LTES, cool it fully, and later be mixed with the rest of the water from
the HX. In this model, two additional decision variables were introduced.

Wi (4.24)

)

on; € {0,1} (4.25)

w;+ is a continuous decision variable and represents the fraction of flow that is
redirected into the storage during discharging. on;, is a binary decision variable
and simulate the discharging behavior of the storage. It states that discharging is
allowed if set to 1 and 0 if it is not. To ensure that the fraction of flow is not
exceeded, the following constraint were added:

wip < W ongy (4.26)

where:

w™ =10.3 (4.27)
The flow going into the LTES is thus:

mi B = i - wy (4.28)

Equation 4.26 states that if discharging is allowed, the fraction of flow rate into the
storage can at maximum be w™**. In this model, w™** is set to be 0.3. This value
was chosen to ensure that the new supply temperature to the customer would not
become too high after mixing, since the outlet temperature of the LTES will be
higher than 8 °C. In contrast, a value that is too small would lead to discharge rates
that are too low to have a significant impact on the system.

To represent the on/off behavior of the discharging, a big-M formulation was used.
In mixed-integer linear programming, multiplication of two decision variables is
not allowed if the model is to remain linear. The Big-M formulation resolves this
by providing a linear constraint that simultaneously enforces the on/off logic and
preserves linearity[68]. The following constraint were added:

discharge;y < M - on;, (4.29)
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Equation 4.29 states that if the binary decision variable is 1, i.e. discharge is allowed,
the storage can discharge at most M. The value of M is set constant for each day

and defined as:

M = load; " (4.30)

This value was chosen to ensure the discharge limit is valid while keeping M small
enough for the solver to work efficiently. However, it can be noted that from Equa-
tion 4.26, the binary variable is already indirectly linked to discharge through the
flow fraction. If on,; = 0, then w;,= 0 and consequently discharge;;= 0. Equa-
tion 4.29 is therefore not strictly necessary but were introduced to strengthen the
model, improving robustness and providing a direct and explicit connection between
the binary on/off variable and the discharge variable.

A final constraint relating the binary decision variable to the discharge variable were
added:

discharge;; > € - on;, (4.31)

Equation 4.31 ensures that the binary variable is only set to 1 when the storage ac-
tually discharges, avoiding the case where on;; = 1 but discharge;; = 0. The value
of € was chosen to be small enough to allow minimal discharges, and was therefore
set to be 0.001.

Similar to the model constructed for configuration 1, the maximum outlet temper-
atures of the water leaving the storage after charging and discharging remain the
same, as described in Equation 4.19 and Equation 4.20. The charging behavior
stated in Equation 4.22 is also identical, since it is connected in the same way.
However, a modification was made to Equation 4.23. Since the LTES in this config-
uration only takes a fraction of the flow when discharging, the discharging constraint
was modified to:

: : ret,s LTES : ret,s LTES
. _ it = it " Wit " Cp "Lyt = Ldischarge it = “discharge
discharge discharge; , < 1y - wiy - ¢, - (T, msene o) af Tt > Ty (4.32)
8t = 0 if Trets ~ pLTES )
it discharge

This states that if discharging is allowed, the amount of discharge in this configu-
ration is dependent on the amount of water going into the LTES. Furthermore, in
this model, it is assumed that the water leaving the storage always reaches the fixed
temperature T/ . and the discharge is controlled by varying the low rate into
the storage.

This configuration builds on the idea that the customer can be flexible with their
supply temperature. The outlet water temperature from the LTES will be higher
than the desired temperature of 8 °C, and then mixed with the fully cooled water
from the HX. As a result, the supply water will be slightly warmer compared to the
case without installed storage. Furthermore, an increase in supply temperature on
the secondary side reduces the temperature difference between supply and return.
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In order to maintain the same cooling demand, the flow rate on the secondary side
must therefore be increased. The required flow rate on the secondary side can be
calculated by the following expression:

new,s load; ; — discharge; ;

7t Tret,s Tsup,s (433)
¢ ( it Lt )
The mixed water temperature is then calculated as follows:
. new,s rsup,s . LTES . LTES
Tmi:red,s _ mi,t ’ ,*Ti,t + mi,t * L discharge (4 34)
it - - new,s | - ITES :
m;, "+ mg

Since ri;';" is smaller than ri,,, this results in a smaller amount of water needing
to be cooled in the HX, thereby reducing the load while maintaining the original
AT. Consequently, the producer can reduce the mass rate and thereby decrease their
cooling production.

4.4 Optimized Almedal Area

A theoretically ideal Almedal area was constructed based on the load profile for the
entire area over the considered period. This allows for a more representative as-
sessment of LTES performance under ideal conditions. Since some customers might
experience low AT, the system may deviate from its designed operating conditions.
This affects both flow rates and the availability of the LTES for effective utilization,
as the temperature ranges are already small. Therefore, to construct an ideal sys-
tem, the temperature difference was assumed to be constant at 10 °C, from which
the corresponding flow rate was calculated.

The optimized Almedal area will be compared with the original data, and any dif-
ferences will be evaluated in terms of the effectiveness of the LTES in improving
system performance, particularly with respect to flow conditions and energy utiliza-
tion. Furthermore, any benefits for the producer will be assessed using the optimized
area to evaluate the theoretical potential of implementing LTES in the system.

The optimized Almedal area will be used to evaluate the implementation of between
1 and 100 LTES units, in order to assess how system performance and benefits evolve
as the storage capacity increases. This makes it possible to see how the benefits
change when the number of units increases. Since the area contains hourly load
values way higher compared to a single customer, the a value stated in Equation 4.11
was changed to 0.0001 to ensure the model chooses to charge during nighttime.
Furthermore, 1Mcpqrge from Equation 4.5 was set to 0.5 - Ny,;. Since the optimized
system always provide a AT of 2 °C between the supply water on the primary side
and the outlet of the LTES during charging, no marginal was needed to ensure a
fully charged storage during nighttime.
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4.5 FEconomic Assessment Method

To evaluate whether it is of benefit to install a LTES in the DC network, an economic
assessment was conducted. Firstly, calculations regarding the savings for the indi-
vidual customers was made. Secondly, an economic assessment from the producer’s
perspective was calculated.

4.5.1 Economical Assessment for Customers

Any potential savings for the customer will depend on the three economical com-
ponents energy, power and flow, as stated in subsection 3.2.5. The change in total
cost was be calculated as follows:

Aci;ot — Ac:nergy _i_ACgapacity _i_Alelow (435>

where A is:
A = old cost — new cost (4.36)

In terms of the investment cost of a storage, 1 m? of FlatICE PCM corresponds to
a cost of € 3 000, which equals to 33 000 SEK if taking the average currency change
from 2025[69]. The cost for the PCM material per kWh was therefore calculated as
follows:

33 000 [SEK]
144 [kWh]

The investment cost of the PCM material for each LTES unit for each customer is
given by:

= 750 [SEK kW] (4.37)

cPOM — 750 - CAP, (4.38)

C AP, is determined from the evaluation of the most suitable storage size for each
individual customer.

However, the cost of the PCM material represents only a fraction of the total invest-
ment cost of the installation. According to the IEA-ECES Annex 30 report (2018)
[70], only one LTES study presented provided data relating the material cost to
the total investment cost. In that particular case, the storage material accounted
for 19.2% of the total CAPEX and the cost of capacity equaled 103 €/kWh. The
installation cost covered a plate-based LTES system installation to a cogeneration
plant of heating. At Chalmers University of Technology, a DC tank design was
constructed and conducted where the PCM equaled 50.6 % of the total investment
costs, which included shipping, installment, HX and tank[71]. The total cost of the
capacity equaled 2793 SEK/kWh. Thus, to estimate the cost of an installed LTES
to an already existing substation, the percentage cost of the PCM was estimated as
an average of the two. This accounts for a percentage of 34.9%. Consequentially,
the total investment cost for each LTES system and customer is:

. cPeM
= 2 = 2149 |[SEK/EWh 4.39
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The payback period for each customer will thus be:

PBP, = (4.40)

(2

To evaluate the profitability of implementing LTES, the Net Present Value (NPV)
was used. The NPV of the installed storage will be given by the following equation:

I1—(1+r)"

NP‘/icust — _anv + AC;?Ot .
r

(4.41)

r equals the discount rate and t equals the number of years of the project period. In
this thesis, a project period of 10 years was chosen as it was considered a reasonable
payback period[2]. As for the discount rate, this value was harder to determine. For
private investors in energy utilities, the discount rate often ranges between 7-9%
[72]. Furthermore, the Swedish authority Trafikverket uses a social discount rate
of 3.5%, which accounts for an expected annual growth of 1.8% [73]. According to
Energimyndigheten, this is comparable to a private discount rate of approximately
5%, which is the value of interest since the customers are assumed to be private
companies. Continuing, the mortgage interest rate in Sweden is currently around
3%, which reflects a realistic cost of capital in the market and might be used as a
proxy for the discount rate[74]. Therefore, four different discount rates was evalu-
ated and compared.

Table 4.2: Discount rates used for economic evaluation for customers.

Discount rate
r=3%
r=5%
r="T%

r = 9%

4.5.2 Economic Assessment for Producer

The economic assessment for the producer was based on the optimal Almedal area,
since the evaluation concerned the theoretical potential for implementing LTES.
For the producer, the savings in cooling production costs was evaluated in terms of
reduced compression usage and total electricity consumption. Compression-based
cooling is of particular relevance as absorption chillers utilize excess heat and re-
quire significantly less electricity, and was therefore considered the preferred pro-
duction technology. In addition, additional revenue is generated from potential new
customers who can be connected due to the capacity freed up by the LTES. The
potential additional income from new customers was calculated as follows:

FLH =1000 [h] (4.42)
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9 ine = 1273 [SEK/kWh] (4.43)
o =754 - Aload (4.44)
¢ = (Aload - FLH - ¢™9 ™) — (°** [SEK /year] (4.45)

Equation 4.42 represents the full load hours (FLH) used by new customers and
Equation 4.43 represents the average income from new customers which was pro-
vided by Géteborg Energi[2]. Equation 4.44 represent the average loss of income
from customers since a reduction in peak load decreases the yearly revenue from
the capacity cost. Equation 4.45 represents the yearly total income, which is the
combination of additional revenue generated by new customers and a loss of income
from old customers|[2]. Aload represents the amount of load reduced by the LTES,
which can be used by potential new customers.

When a new customer is connected to the DC network, the producer must pay a
connection cost. This cost is highly variable and depends on factors such as the size
and type of customer. However, based on previous installations, it is typically around
2-3 MSEK/MW. In addition, the customer pays an access fee to the producer
for connecting to the DC network, amounting to approximately 0.8 MSEK/MW.
Based on these values, this thesis assumed a connection cost of 2.8 MSEK /MW |2].
After subtracting the access fee paid by the customer, the net cost of connecting a
new customer is:

et — Nload - 2000 [SEK/kW] (4.46)

Similar to the economic assessment for the customers, the NPV was used to deter-
mine whether the cost of LTES will be profitable for the producer. Since the income
will here instead depend on the amount of freed up load in the system, the NPV
was calculated as follows:

inc 1— (1 + T)it

NPVProd — _(cim) + cconnect) +c .

(4.47)

Similar to the economic assessment for customers, four different discount rates was
investigated. These can again be found in Table 4.2.

4.6 Model validation

This section presents the assumptions and limitations of the model as well as the
method and results of the validation process that examined the behavior of the
model. This is done for both configurations, and the results are briefly discussed to
ensure rationality.
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4.6.1 Model assumptions and limitations

The aim of the constructed models was to investigate the theoretical potential of im-
plementing LTES. As such, no explicit constraints on maximum flow rates within the
storage system were included. Instead, simplified assumptions were made regarding
the interaction between the storage and the flow rates. Specifically, for configuration
1, it was assumed that the storage could utilize the full available mass flow from the
customer at any given time. For configuration 2, the storage was limited to utilizing
up to 30% of the customer-side mass flow at each time step. These assumptions
neglect potential hydraulic and technical limitations of the storage system.

The models did not account for the specific characteristics of the PCM itself. Since
the LTES relies on latent heat, which behaves differently from sensible heat, the
melting and solidification processes are not uniform and depend on the fraction of
solid and liquid phases within each container. Furthermore, the models assumed
that the energy absorbed or released by the storage was solely determined by the
sensible heat exchange of the water flow rate passing through the LTES, without
considering the actual thermal behavior of the PCM. In configuration 1, the dis-
charge was assumed to be determined by the temperature difference of the water
mass flow. In contrast, in configuration 2, it was assumed to depend on the amount
of water passing through, with the additional assumption that the water always
exited the PCM at a temperature of 12 °C. This do not reflect reality, as the PCM
can absorb or release energy at varying rates depending on the solid-liquid fraction,
as well as the flow rate over the PCM and the inlet temperature of the water. Fur-
thermore, cycling performance was neglected, and it was assumed that the storage
could be used whenever it was possible to reduce the peak load of each day. To
more accurately evaluate system performance, experimental studies or detailed sim-
ulations would have been required to capture the behavior of PCM materials under
these operating conditions and configurations.

As stated in section 4.3, no data were available regarding the mass flow rates or
temperatures on the secondary side. Therefore, the mass flow rate was assumed
to be equal on both the primary and secondary sides, and the secondary side tem-
peratures were assumed to be consistently 2 °C higher than those on the primary
side. However, this do not reflect actual operating conditions. Additionally, due
to the complexity of HXs and the interdependence between mass flow rates, pres-
sure, and temperatures, it was assumed in configuration 2 that any reduction in
mass flow rate on the secondary side would be mirrored on the primary side, while
maintaining a constant temperature difference AT. The pressure difference of the
supply and return temperatures caused by the HX was also neglected. Furthermore,
the pressure difference on the secondary side would realistically most likely be lower
and regulated with pumping. However, this was not considered when modeling the
implementation of the storage units.

In addition, no data regarding electricity usage for pumps in the network were ob-

tained. Therefore, exact calculations and comparisons of the network SEER could
not be performed. The analysis was instead based on the potential change in com-
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pression chiller usage as an indicator of network SEER performance, since a lower
compression chiller usage would result in a lower electricity consumption.

The models only optimized the maximum peak of the day, which meant that if dis-
charging was constrained during the peak hour by flow or temperature differences,
the storage did not discharge during other hours even if the total load could theoret-
ically have been decreased. This caused a limitation in how the storage was utilized,
and the maximum capacity available was not always used.

The model did not perform any changes to the production itself, but instead assumed
that cooling capacity was available. If the compressors were being used during a
certain hour, it was assumed that the absorption machines were operating at their
maximum capacity. Therefore, if production needed to be increased, the cooling
was assumed to be produced using additional compressor usage. In contrast, if the
compressors were inactive, the models assumed that additional absorption capac-
ity was available. In this case, the compressor cooling remained at zero, and the
absorption machines were assumed to meet the required cooling demand. Further,
even if the flow was increased, the supply temperature from the producer did not
change, which is a simplification of reality.

4.6.2 Validation Methodology

To verify that the implemented model behaved as intended, a simplified dataset was
created. The model operates on a daily basis and normally uses input data covering
several months. Therefore, the simplified dataset consisted of four days only. The
variables in the dataset were deliberately set to examine the model behavior during
different operating conditions such as peaks, low load, constant load and no load.
The outputs were then checked for inconsistencies or potential implementation er-
rors. This method made it possible to closely observe how the model processes the
inputs. The load input variable were the main variable of interest and was therefore
chosen, while the mass flow adjusted accordingly, as well as the temperature dif-
ference. Both configurations of the model was evaluated and are presented below,
where some different functionalities of each configuration are highlighted.

Furthermore, manual calculations were carried out with regards to the constraints
defined in the model. The output variables where calculated step by step using
the same input parameters as in the simplified dataset and then compared to the
results generated by the model. The agreement of the manual calculations and
the model outputs provided additional confidence in the correctness of the model
implementation.

4.6.3 Validation Results for Configuration 1 - Serial

The load and flow results for the four days can be found in Appendix C. During
nighttime, when demand is low or zero, the model utilizes the available capacity to
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charge the LTES, resulting in a slight increase in load. The results also show that
the model charges the LTES during the available charging window, when the load
is at its lowest. The charging does not affect the daily peak.

During the first 24-hour window, a peak occurs where the load increases from 5
to 100 kW. The model chooses to discharge at 11:00 during this peak, thereby re-
ducing the maximum load. Since the flow rate through the LTES is higher on the
secondary side, the energy stored during charging is discharged within one hour, re-
ducing the peak to 44 kW. During nighttime, charging occurs with a rate of 8.37 kW
due to the flow constraint being set to 1 kg/s. Since more flow can be used for dis-
charging, all of the stored energy can be utilized within one hour during discharging.

During the second 24-hour window, the load remains consistently high, with an
additional small peak occurring for one hour. Once again, the LTES charges fully
during the night and then operates to level the load. It discharges more evenly,
ensuring that not only the peak is reduced as much as possible, but also that the
overall maximum load of the system is lowered. This approach prevents the creation
of new peaks.

During the third 24-hour window, the load starts at 50 kW and increases to 100
kW during the day. Here, the LTES fully focuses on lowering the larger load, which
would bring down the maximal peak load of the day. The SOC during this day
shows an even discharge at a reasonably fast pace.

During the last 24-hour window, the load is constantly low with values of 5 and
10 kW respectively. Here, one can see that the storage charges at a lower rate to
prevent the creation of new peaks.

As for the flow, the results show that the peak flow is increased during nighttime,
almost to the extent of creating new peaks when the LTES is being charged. This
indicates that the model does not care about the flow peaks in the same way as the
load. The total volume flow during the period is increased from 197 m? to 261 m?.
This is expected, as more flow is required during charging compared to discharging
due to a lower AT when charging.

4.6.4 Validation Results for Configuration 2 - Parallel

Similar to the validation for configuration 1, the results of the load and flow curves
for validation of configuration 2 can be found in Appendix C. During the first 24-
hour window, the model is only able to reduce the peak to 82 kW, significantly less
compared to configuration 1. This is due to the discharging being constrained by
the flow fraction on the secondary side. It discharges at maximum capacity for one
hour during the day, and does therefore not find value in storing more cooling than
the 18 kW during the night. For peak loads like this one, the flow faction is what
mainly affects the possibility to discharge for the configurations.
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The model only charges fully during the third 24-hour window. For the other 24
hour windows, it only charges the amount that can be used for discharging during
the following day. As for the discharging, it behaves similarly as for configuration
1, with the exception of the flow fraction constraint stated above.

The last 24-hour window has a very small peak, and the model acts in a similar way
as for the first day, with the flow fraction reducing the ability to discharge. Due to
this, the maximal discharge is 1.8 kW. Since the peak is 5 kW higher compared to
the rest of the load during that day, the model does not find value in reducing the
load further.

Similar to configuration 1, the results show that the peak flow is increased during
the night. This behavior is expected since they both operate with the same temporal
constraints. It can be seen that the flow increases during nighttime due to charging of
the LTES, while decreasing during peak demand periods as the storage is discharged.
This confirms that the model utilizes low-demand periods to charge and discharges
during high-demand hours. The total volume flow is increased from 197 m3 to 232
m?3. However, comparing the results with configuration 1, the peak flow is decreased
which also is expected.

4.7 Sensitivity Analysis

To evaluate the system response, sensitivity analyses was performed. In this section,
the methodology behind the sensitivity analyses are described. The result of these
are later presented in section 6.1.

4.7.1 Loss factor

First, a loss factor for the PCM was introduced. Due to the lack of commercial-
ized, installed and active LTES systems, no further system efficiency was assumed
beyond the capacity provided by the company producing the PCM containers. It
was therefore beneficial to assume a loss factor of the system, to account for poten-
tial unknown efficiency fluctuations in the performance of the PCM that the model
could not predict. Alam et al. [34] stated that using a loss factor was essential since
the PCM was not fully solidified nor fully melted, limiting the extent to which the
stated storage capacity could be fully utilized. The findings of the article connects a
higher loss factor to a smaller temperature gap between the melting and solidifying
temperature and the feed water. Since the DC network in Gothenburg has to utilize
a rather small temperature range from the solidifying/melting temperature, the loss
factor could act as a precaution of the uncertainty of the capacity of the storage.
This thesis investigated three different loss factors, stated in Table 4.3. These was
investigated through reducing the storage capacity.
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Table 4.3: Loss factors tested.

Test no. | Loss factor [%]
1 10
2 20
3 30

4.7.2 Flow fraction for discharging

The second sensitivity analysis concerns the fraction of the mass flow rate used for
discharging in configuration 2. In the current model, up to 30% of the mass flow
on the secondary side can be redirected to the LTES. Increasing this value allows
a larger fraction of the return water to be cooled by the storage. However, such an
increase would also result in a higher supply temperature to the customer. It was
therefore valuable to investigate the effects of this parameter in order to evaluate its
impact on these two factors. The analysis included two different fractions, presented
in Table 4.4.

Table 4.4: Flow fractions for discharging tested.

Test no. | w™* value [%)]
1 20
2 50

Base Case 30

4.7.3 Investment Costs

The investment cost is calculated from two installations of LTES. However, due to
it being estimated with few sources due to the technology not being commercialized
in networks, this number is highly uncertain. Therefore, a sensitivity analysis was
carried out, which allowed for an assessment of how sensitive the profitability is to
these assumptions.

This sensitivity analysis affect customers as well as producers, therefore both will
be investigated. The different investment costs that was investigated are presented
in Table 4.5.

Table 4.5: Investment costs tested.

Test no. | Investment costs | PCM Share | Percentage
[SEK /KW h) %] Change (%]
1 1719 43.6% 80%
2 2579 29.1% 120%
3 3 223 23.3% 150%
Base Case 2 149 34.9% 100%
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Results and Analysis

This chapter presents findings from literature, followed by the modeling results,
which includes the two modeled configurations as well as the optimized Almedal
area. Lastly an economic assessment is presented.

5.1 Theoretical Results

To answer research question 1, key factors influencing latent energy storage sys-
tems and the considerations required for their implementation are presented in this
section. Although this report does not include the design of a specific LTES, under-
standing these factors is essential for assessing the feasibility of implementation.

5.1.1 Findings of Literature Review

An examination of different storage types indicated that LTES are suited for applica-
tions involving low temperatures, limited installation space, and small temperature
differences. This since the energy is stored or released in the phase change process
which occurs around a single temperature. LTES also often offers higher energy den-
sity, thanks to the large amount of energy stored or released in the phase change,
allowing for more compact installations compared to most TES systems. Previous
research also suggests that LTES can outperform chilled water STES, primarily by
providing longer periods of stable cooling at smaller scale. At present, STES is
predominantly used in large-scale energy storage systems, whereas LTES is better
suited for control-oriented strategies and small-scale applications. Thermochemical
storage is another potential option, however its application is challenging as it has
primarily been tested at temperatures above 50 °C.

The suitability of PCM depends on its classification, as different types offer different
advantages. In practice, PCMs are often modified or combined to meet specific appli-
cation requirements. Melting temperature ranges compatible with the Gothenburg
DC system are available and considered feasible, however the choice of PCM type is
a critical consideration. Key properties influencing performance include the heat of
fusion [k.J/kg|, which determines how much energy can be stored, and thermal con-
ductivity [W/(m - K)], which determine both the duration and energy requirement
of the phase change.

Organic PCMs are stable, do not undergo phase separation, and exhibit a consistent
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heat of fusion over time. They are also less prone to supercooling, which is highly
beneficial in systems with a narrow operating temperature range as a majority of
thermal energy is stored and released during the phase change process. However,
supercooling may occur when using the material in small encapsulations. Their
flammability is a factor that must be considered in system design, but it becomes
more critical in systems with higher operating temperatures. Inorganic PCMs, how-
ever, such as salt hydrates and metals, generally offer higher heat of fusion and
thermal conductivity. Metallic PCMs typically have melting temperatures that are
too high for DC applications and are therefore considered unsuitable in this context.
In-organics are also less flammable than organic PCMs but may cause corrosion in
containment materials, which reduces their lifespan. Furthermore, they are more
susceptible to supercooling, which increases both the energy requirement and the
effective melting range of the material.

When designing an LTES system, several factors must be considered. First, the
design should avoid unutilized zones, which arise due to low thermal conductivity
and short charging and discharging time frames. Typically, only a thin layer of
PCM surrounding the HTF actively participates in the phase change, due to their
low thermal conductivity. Therefore, the design should maximize the heat transfer
area between the PCM and the HTF and ensure that the surrounding PCM layer is
thin enough to complete the phase change within the specified time frame. One ap-
proach is to circulate water through tubes embedded in a PCM container. Another
is to encapsulate the PCM and allow the HTF to flow around the capsules. The
latter can provide a large heat transfer area and allows better utilization of the PCM
volume. Common encapsulation formats include pods, balls, ice packs, and tubes.
Another important consideration is the occurrence of phase separation in PCM mix-
tures, particularly after repeated cycling due to uneven solidification between the
molecules in PCM mixtures. To mitigate this issue, the PCM either requires stirring,
or the system can be designed with smaller tanks or encapsulated PCM containers.
Such designs can also improve heat transfer performance by accounting for thermal
conductivity of both the PCM and the HTF. Overall, the efficiency and performance
of an LTES system depends strongly on the design and must therefore be adapted to
the specific application, operating conditions, and desired charging and discharging
behavior.

Another challenge is that the melting temperature of a PCM is better represented
as a temperature range rather than a fixed value, as materials often exhibit temper-
ature gliding during phase change. Consequently, the available latent energy is not
constant within this range, and if the temperature difference between the HTF and
the melting temperature of the PCM is small, the full potential energy available may
not be utilized. Supercooling further broadens this range and reduces storage effi-
ciency, and both these factors needs to be considered and evaluated when designing
the storage.
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5.1.2 Findings of Theoretical Framework

The DC network in Gothenburg is designed to have a supply temperature of 6 °C
and a return temperature approximately 10 °C higher on the primary side. On
the secondary side, the supply temperature is designed for 8 °C, with the return
temperature expected to be around 10 °C higher. The primary side supply temper-
ature and the secondary side return temperature are therefore deemed as the best
alternatives for charging and discharging respectively, since these streams have the
largest temperature difference and therefore the greatest potential for maximizing
the utilization of the LTES. Consequently, the melting temperature of the PCM has
to be within this range.

A PCM melting temperature of at least 10 °C is desired, to be able to charge the
storage with the supply water on the primary side. This allows for a 4 °C temper-
ature difference, if assuming the designed temperature of the stream. However, if
accounting for factors such as gliding temperatures, supercooling effects and varying
supply and return temperatures, this difference may be reduced to as little as 1 °C.
This can reduce the effectiveness of charging significantly. In contrast, for the same
assumed PCM melting temperature, the return water on the secondary side exhibits
a higher temperature difference but also a larger seasonal variation, ranging from
8 to 30 °C over the summer period. As a result, both the design process and the
determination of a suitable PCM melting temperature becomes more challenging.

This report examines two ways of connecting the LTES to the substation of the DC
network. Both are constructed using the coldest and warmest temperature streams
available. In addition to redirecting the flow to the storage, additional considera-
tions may be required to prevent mixing between the two water streams. This can
be achieved by using heat exchangers (HX). Based on this, four feasible HX config-
urations for the LTES implementation were identified. However, implementing the
HXs would decrease the temperature difference between the supply /return tempera-
tures and the storage melting/solidifying temperature. Even a reduction of only 1-2
°C could affect the storage utilization significantly, due to the DC network’s already
narrow temperature range. Furthermore, adding HXs to the system also increases
the investment cost of LTES, which can reduce the incentive of investment. The
proposed designs can be found in Appendix C. In the constructed models, no HXs
are assumed.

5.2 Modeling Results of Configuration 1 (Serial)

This section presents the results of configuration 1, to answer research question 2.
The results and corresponding evaluation will highlight the load and flow of the
system. The results are strictly based on the provided data of Almedal from 2025.
The load and flow profiles for all individual customers are found in Appendix A.
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5.2.1 Load and Flow Evaluation

The peak load and peak flow reduction based on the number of LTES units for all
customers are presented in Figure 5.1 and Figure 5.2. These are normalized to their
original peaks, where 100% corresponds to the original peak values. In addition, the

primary reason for why peak reduction stagnates for each customer is summarized
in Table 5.1.
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Figure 5.1: Peak load normalized to the original peak load dependent on the
number of LTES units, configuration 1.
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Figure 5.2: Peak flow normalized to the original peak flow dependent on the
number of LTES units, configuration 1.

From the results, all customers except customer 8 achieve peak load reduction with
LTES. Customer 8 shows no improvement due to the cooling being inactive dur-
ing nighttime, preventing charging of the storage. For customer 6, the peak load
decreases up to 5 LTES units, remains stagnant until 8 units, and then decreases
again. This behavior occurs because the model prioritizes charging during periods
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Table 5.1: Primary reason why peak reduction stagnates, configuration 1.

Reason Customer
Cooling inactive 8
High supply water temperature 6
Peak outside of discharging window 11, 3, 7
Low return water temperature 2
High load during night 9
Continuous peak reduction 1,4, 5,10

of low load due to the charging penalty in the objective function, and the maxi-
mum charging that can be done is constrained. At low charging capacity, the LTES
is charged during low-load hours at its maximum rate. As the allowed charging
flow increases with the number of LTES units in the system, the charging capacity
increases, enabling more charging to be shifted to low-load hours while charging dur-
ing higher-load hours is reduced. This increases the charging capacity and enables
more charging to be shifted to low-load hours, while charging during higher-load
night hours is reduced. At 8 storage units, the charging capacity is large enough to
eliminate charging during higher-load periods entirely. Further increasing charging
capacity continues to reduce the daytime peak load. However, charging for customer
6 are also constrained due to the fact that the supply water temperature on the pri-
mary side frequently exceeds 8 °C during nighttime. This limits charging to the few
hours when this condition is met and reduces the potential peak load reduction. As
a result, the storage is only partially utilized (approximately 40-50%) regardless of
the number of installed units.

Customer 11 shows no peak load reduction beyond one LTES unit. Similarly, cus-
tomers 3 shows a stagnation in peak load reduction after two storage units, and
customer 7 after three storage units. This is due to peak loads occurring outside of
the discharging window, preventing the storage to reduce peaks further. Customer
2 shows reductions for up to six units, after which the peak reduction stagnates.
This is due to the return water from the customer being below 12 °C, preventing
discharging from taking place. Customer 9 experience a reduction with up to three
units. No further reduction happens due to relatively high load during the night
before the peak load occurs. This causes the storage to avoid further charging, as
the cost of charging outweighs the potential peak load reduction benefit. Customers
1, 4, 5, and 10 continuously reduces peak load with more storage units.

Regarding peak flow, no reduction is observed. This is because the storage reduces
the temperature difference and not volumetric low when configured this way. For
smaller customers (1, 2, 3, 5, 7, 8, and 11), peak flow increases with additional
storage units because of low baseline flow rates, resulting in charging during night-
time introduces new peaks. Additionally, for some of the customers, temperature
differences between supply and return water are small during low peak hours. This
increases the flow rate beyond the design value in order to meet the load demand.
Since the model only considers peak load, it prioritizes charging regardless of the
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flow rate. This can specifically be seen for customer 1 and 2, where the peak flow
increases already after one or two storage units. For larger customers (4, 6, and 10),
peak flow remains unchanged. This is because their daytime flow rates are signif-
icantly higher than their nighttime flows, meaning that charging during the night
does not affect the peak flow.

Based on these results, a suitable number of LTES units for each customer is se-
lected and summarized in Table 5.2. Red, yellow, and gray cells indicate increase, no
change, and no storage implementation respectively. For customers benefiting from
more storage capacity, a maximum of four LTES units is considered appropriate
due to physical size constraints. At four units, the PCM material alone occupies 4
m? and weighs over 4 tonnes. Since the available space around substations at cus-
tomer sites is often limited, four storage units were considered sufficient to achieve
a significant reduction in peak demand, while still being small enough to potentially
allow retrofit into existing installations without major modifications. The total sys-
tem impact for the Almedal area is also presented, including aggregated peak load
and peak flow changes. The load and flow difference for the total Almedal area is
visualized in Figure 5.3 and Figure 5.4.

Table 5.2: Number of storage units chosen for each customer and corresponding
peak load and peak flow reduction, configuration 1.

Customer | Number | Old peak | New peak | Old Peak New Peak
no. of LTES | load [kW] | load [kW] | Flow [m?3/h] | Flow [m?/h]

1 2 370.0 292.3 73.7 74.2

2 4 442.4 353.9 91.5 105.9

3 1 173.0 143.3 22.3 22.3

4 4 993.0 915.3 201.0 201.0

5 3 425.0 350.2 30.8 30.8

6 4 960.0 874.3 93.2 93.2

7 3 207.0 172 27.3 27.3

8 0 25.3 25.3 3.58 3.58

9 3 586.3 506.2 51.9 51.9

10 4 738.0 640.4 89.9 89.9

11 1 151.0 146.00 17.9 17.9

Almedal 29 4201.1 3899.3 555.9 555.9

The summary of storage units results in a total of 29 LTES units, with a total ca-
pacity of 1320 kWh. If all customers were to introduce storage units, the Almedal
area would achieve a load reduction of 302 kW. However, the peak flow rate would
never be reduced in this configuration, since the decreased cooling demand reduces
the temperature difference rather than the volumetric flow rate. The reason why
peak flow rate is not increased even though two of the customers show increased
peak flow values is due to the fact that each customer’s peak flow does not occur at
the same hour.
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Figure 5.3: Load for Almedal area with and without implemented storage units,
configuration 1.

—— 0Id Flow
500 4 —— New Flow

400 1

300 1 L

Flow [m3/h]

200 4 ‘ Il

y u |l i ’IH. J \‘“ ' l‘
1 N NN '”"H'wH1|'|.|..|.|“H"!*u\'"u..m',,,.l,..

2025-05 2025-06 2025-07 2025-08 2025-09 2025-10
Date

Figure 5.4: Flow for Almedal area with and without implemented storage units,
configuration 1.

While implementing LTES in the system could reduce the load and therefore cool-
ing cost for customers, the peak flow rate remains unchanged since the reduction is
achieved through a lower temperature difference rather than a reduced flow rate. For
this reason, the configuration is not considered a desirable way of integrating LTES
into the system. It can be viewed as beneficial since customers can achieve cost
savings due to reduced cooling demand, however, the unchanged volumetric flow in
the pipes means that no additional customers can be connected to the pipeline. In
addition, a large decrease in primary side return temperatures are not desired, since
the cooling machines are designed to be provided with water of 14 °C.

For these reasons, no further analysis will be conducted using this configuration.
While it offers peak shaving for customers, it does not make better use of the exist-
ing network infrastructure compared to the current system and no advantages are
achieved from a producer perspective.
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5.3 Modeling Results of Configuration 2 (Paral-
lel)

This section presents the results of configuration 2, to continue answering research
question 2. The results and corresponding evaluation will highlight the load and
flow of the system, and are strictly based on the data from Almedal for 2025. The
load and flow profiles for each individual customer can be found in Appendix B.

5.3.1 Load and Flow Evaluation

The peak load and peak flow reductions based on the number of implemented LTES
for each customer are presented in Figure 5.5 and Figure 5.6. Similar to configu-
ration 1, the graphs visualize the normalized peaks where 100% corresponds to the
original peak values. The primary reason for why peak reduction stagnates are again
summarized in Table 5.3.
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Figure 5.5: Peak load reduction depending on the number of LTES units,
configuration 2.

Table 5.3: Primary reason why peak reduction stagnates, configuration 2.

Reason Customer
Cooling inactive 8
Flow fraction constraint 1,2,3,5,7
High supply water temperature 6
Peak outside of discharging window 11
High load during night 9
Continuous peak reduction 4,10

Similar to configuration 1, customer 8 does not reduce its peak load regardless of
the number of storage units implemented. Customers 1, 2, 3, 5, and 7 are able to
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Figure 5.6: Peak flow reduction depending on the number of LTES units,
configuration 2.

reduce their peak demand using between 2 and 4 LTES units, after which the peak
reduction stagnates and no further decrease is observed. For these customers, this
limitation is due to the flow fraction set for discharging. At this point, the available
flow being redirected to the storage reaches its maximum, meaning that no addi-
tional discharging can occur during this hour. Consequently, further peak reduction
is not possible, regardless of the storage capacity. As for the flow, customer 3 and
5 reduces the peak flow with up to 3 LTES, before it starts to increase again. Cus-
tomer 1 and 2 continuously increase their peak flow, while customer 7 experience a
stagnated peak flow up to 7 units before it increases.

Customer 4 and 10 both manage to continuously decrease their peak demand with
increased storage capacity, similar to the other configuration. These customers are
among the largest ones, meaning they both have a large flow rate and therefore
never reaches their maximum discharge capacity during peak load hours. Both of
their peak flow rates remains relatively stagnant, however customer 4 experience a
small decrease as more storage units are implemented.

Customers 6, 9 and 11 stagnates for the same reasons as for configuration 1. Cus-
tomer 6 has too high supply water temperatures and the model prioritizes removing
charging during high-load hours, customer 9 sees charging as more costly compared
to the available reduction in peak load and customer 11 has a peak outside of the
discharging window.

Overall, many of the customers show similar behavior as in configuration 1, with
the exception of some customers that are now constrained by the flow fraction. Re-
garding peak flow, some customers in configuration 2 experience a reduction in peak
flow, in contrast to configuration 1. However, the behavior of increasing peak flows
due to nighttime charging or low temperature differences is still present, which is
why the majority of customers show an increasing peak flow with a larger number
of implemented LTES units.
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Based on the observations above, the number of storage units deemed most suitable
for each customer is presented in Table 5.4. The total number of LTES units for
the entire Almedal area, obtained by summing the LTES units across all customers,
is presented at the bottom of the table. The graphs for the whole period and each
customer with implemented LTES can be found in Appendix B. Similar to configu-
ration 1, four LTES units was concluded to be the maximum suitable storage size,
due to the limited space at customer sites.

Table 5.4: Number of storage units chosen for each customer and corresponding
peak load and peak flow reduction, configuration 2.

Customer | Number | Old peak | New peak | Old Peak New Peak
no. of LTES | load [kW] | load [kW] | Flow [m?3/h] | Flow [m?/h]

1 2 370.0 292.3 73.7 74.2

2 2 442.4 388.2 91.5 98.5

3 1 173.0 143.3 22.3 19.6

4 4 993.0 915.3 201.0 195.0

5 3 425.0 350.2 30.8 26.2

6 4 960.0 874.3 93.2 93.2

7 3 207.0 173.9 27.3 27.3

8 0 25.3 25.3 3.58 3.58

9 3 586.3 506.2 51.8 51.2

10 4 738.0 640.4 89.9 89.7

11 1 151.0 146.0 17.9 17.4

Almedal 27 4201.1 3943.9 555.9 537.9

For the total Almedal area, if the customers had implemented LTES units, the total
peak demand 2025 would have been reduced by around 257 kW (6.1%), and the peak
flow would have been reduced with 18 m®/h (3.2%). The load and flow difference
for the whole season are presented in Figure 5.7 and Figure 5.8.

As can be seen, the load and flow profiles of the total area show that having LTES
implemented reduces both the peak load and peak flow. However, the flow reduc-
tion can be compared to what the flow reduction would be if all customers had a
temperature difference of 10 °C. In that case, a load of 4200 kW would with a 10 °C
difference have a flow of 362 m?/h, which is around 200 m?/h, or 34.9%, less com-
pared to the measured peak flow. This indicates that the temperature difference
between the supply and return water is significantly lower than the design value of
10 °C, leading to elevated flow rates to compensate for the high cooling demand.
This is discussed in more detail in subsection 6.2.1. Furthermore, having supply
and return water temperatures closer to the melting point of the PCM reduces the
potential of full utilization of the storage, since PCM have shown to be significantly
less effective as the temperature gap decreases.
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Figure 5.7: Load for Almedal area with and without implemented storage units,
configuration 2.
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Figure 5.8: Flow for Almedal area with and without implemented storage units,
configuration 2.

One customer that is highly affected by this is customer 4, where the return water
temperature on the secondary side, as well as the average temperature difference, is
very low. This results in a flow rate that is higher than expected to meet the cooling
load, which can be seen between the load and flow difference presented in Figure 5.9.
The peak flow is significantly higher than what would be expected for the experi-
enced peak load, with a value around 201 m?/h. During this hour, the load is 780
kW and the temperature difference is 3.3 °C. Increasing this difference by only 2 °C
would result in a flow decrease of 74 m?/h, which is significantly higher than what
the LTES can achieve. The low return water temperature would also theoretically
be a constraint on utilization availability. However, since the flow rate is high, the
low temperature does not constrain the availability of discharging, as the available
flow fraction is sufficient. If this was not the case, the low return temperature could
become a significant constraint on the system.
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(a) Load for customer 4. (b) Flow for customer 4.

Figure 5.9: Load and flow profile for customer 4.

In addition to load and flow reductions, the compression usage also decreases. The
compression usage over the period are presented in Figure 5.10.
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Figure 5.10: Cooling from compression for Almedal area.

With 27 LTES units implemented, the total compressor usage is reduced by ap-
proximately 46 MWh, which in turn lowers the electricity consumption. These
results indicate that when storage units are added, less compression is required, as
it is replaced by absorption chillers when charging the LTES during low-load hours.
Furthermore, a decrease in compression usage would potentially increase the net-
work SEER, since less electricity is used to provide the amount of cooling needed
over the period. However, as stated in subsection 4.6.1, no data regarding the elec-
tricity requirement or consumption of pumps were obtained and therefore no exact
calculation of the network SEER can be evaluated.

5.4 Modeling Results of Optimized Almedal Area

To answer research question 3, an optimized Almedal area is considered and evalu-
ated in this section. See method section 4.4 for further explanation and assumptions.
For the optimized area, configuration 2 is used.
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5.4.1 Load and Flow Evaluation

As stated in subsection 5.3.1, the flow rate exceeds the expected value with over
200 m?/h in the actual Almedal area. This is because the supply water temperature
from producer is higher while the return water temperature from customers is lower
during many hours of the period. Furthermore, having deviating temperatures at
customer sites reduces the potential availability of having LTES, since the storage
is sensitive to narrow temperature ranges. The optimized Almedal area is therefore
used to draw general conclusions regarding the potential of LTES, since the results
are derived from an ideal system configuration.

Based on this, an evaluation of the reduction of peak load and peak flow in relation
to the number of implemented LTES units is conducted. The results are shown in
Figure 5.11 and Figure 5.12. The red markers indicate the number of LTES required
to achieve the same reduction in peak load and peak flow as for the actual Almedal
area, while the green markers indicate the reduction achieved with the same num-
ber of LTES as in the actual Almedal area. In Figure 5.11, the two dashed lines
indicates the amount of peak load reduced per installed kWh of LTES.
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Figure 5.11: Peak load based on the number of LTES.

Both peak load and peak flow decrease as the LTES capacity increases. As shown
in Figure 5.11, the reduction is more significant at low numbers of installed stor-
age units, with an average peak reduction of 0.72 kW/kWh of installed storage
capacity. Between 7 and 60 LTES units, the reduction is decreased down to 0.17
kW /kWh. This is because the highest peaks are reduced first, which represent a
smaller and more concentrated load. Once these are mitigated, further reductions
target a broader load profile, requiring more storage capacity and resulting in a
lower marginal peak reduction. At around 60 LTES units, the peak remain constant
up to approximately 90 LTES units, after which they start to decrease again. This
behavior is caused due to the same constraint as for customer 6 in configuration 1.
The model shifts charging to low-load hours, and when the hours with higher load
are removed, peak reduction continues again.
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Figure 5.12: Peak flow based on the number of LTES.

Looking at the red markers in the figures above, matching the same level of reduction
in the actual Almedal area would require 9 LTES for peak load and 6 units for peak
flow. These values are significantly lower compared to the 27 units required in the
actual Almedal area. Considering the green markers, corresponding to the load and
flow reduction with 27 LTES units, the peak load is reduced to 3 779 kW, resulting
in additional decrease of 165 kW compared to the actual area. The total decrease
in peak load equals 421 kW, which corresponds to 10.0%. The new peak flow equals
362 m?/h. The reduction of the new peak is 36 m?/h, corresponding to a reduction
of 10.0%, approximately twice that of the actual system. These results indicate that
when the system is optimized, the storage units operate more effectively. To further
compare the actual and optimized systems, the load and flow profiles for the opti-
mized Almedal area with 27 LTES units are presented in Figure 5.13 and Figure 5.14.
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Figure 5.13: Load profile of an optimized Almedal area (27 LTES).

While the load profile appears nearly identical, except for a greater load reduction,
the flow profile is significantly lower. Furthermore, in the optimized area, the flow
profile is proportional to the load profile due to the constant temperature difference.
These figures clearly show that the flow in the actual area deviates significantly from
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Figure 5.14: Flow profile of an optimized Almedal area (27 LTES).

the designed conditions, and that simply increasing the temperature difference can
reduce the flow to a much greater extent than implementing LTES alone can achieve.

Furthermore, with increasing number of LTES in the system, the compression usage
reduces. The cooling delivered from compression chillers based on the number of
LTES is presented in Figure 5.15.
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Figure 5.15: Cooling delivered from compression chillers based on the number of
LTES.

As shown, the cooling from compression shows a decreasing trend as more storage
units are added to the system. With 27 units implemented, the compressor usage
decreases by 59 MWh, indicating that an optimized system achieves greater reduc-
tions with the same amount of LTES. Furthermore, a larger decrease in usage of
compression chillers would result in even less electricity needed to provide the cool-
ing, meaning that an optimized system has the potential to increase the network
SEER even more compared to the measured case.

59



5. Results and Analysis

5.5 Economic Assessment

This section presents the economic assessment of LTES from the customer perspec-
tive, the producer perspective, and a shared economic perspective. It is worth noting
that these evaluations are based on configuration 2 and continue answering research
question 2 and 3.

5.5.1 Customer Perspective

The implementation of LTES in the DC network results in both peak load and peak
flow reduction, leading to reduced capacity costs for the customers. The total yearly
savings, the investment cost based on the chosen number of LTES for each customer
and the corresponding PBP are presented in Table 5.5. Positive values indicate a
reduction in cost compared to the case without storage, while negative values indi-
cate an increase in cost. The NPV is calculated assuming the customer pays the full
cost of the investment. For the total savings based on the number of implemented
LTES for each customer, see Appendix C.

Table 5.5: Yearly savings, investment cost and PBP, configuration 2.

Customer || Energy | Peak Flow Total v PBP
no. savings | savings | savings | savings || [SEK] | [years]
[SEK] [SEK] [SEK] [SEK]
1 0 54 022 -8 523 45 499 189 112 | 4.16
2 0 37649 | -2646 | 35002 || 189 112 | 5.40
3 0 25335 | -3342 | 21993 || 94556 | 4.30
4 0 A7 765 | -5 303 | 42462 || 378 223 | 891
5 0 52010 | -10295 | 41716 || 283 668 | 6.80
6 0 52698 | -6 754 | 45945 || 378 223 | 8.23
7 0 28266 | -2150 | 26 116 | 283 668 | 10.86
8 0 0 0 0 - -
9 0 49 262 | -4492 | 44769 || 283 668 | 6.34
10 0 60 024 | -9 601 50 423 || 378 223 | 7.50
11 0 4 270 -1 935 2 335 94 556 | 40.50

As observed, peak cost savings are the main contributor to the total cost reductions
of implementing LTES. In contrast, flow costs increase, as charging requires a higher
mass flow than what is reduced during discharging. This effect is strongly influenced
by storage utilization and supply temperature. For example, customers 5 and 9 have
the same number of storage units, yet their flow costs differ significantly while their
peak cost savings are similar. This is because customer 5 has higher supply water
temperatures during charging, increasing the required flow. In addition, customer
5 charges more in total due to several smaller peaks outside high-demand hours,
further increasing total charging over the period. A similar pattern is observed for
customers 1 and 10, explaining their comparatively higher flow costs. As for the
PBP, only two customers show values above 10 years, and customer 11 exhibits
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savings that are too small to justify LTES as a viable option.

The NPV of each customer, based on investment costs and yearly savings, is shown
in Figure 5.16 for a 10-year project period with different discount rates. Customers
8 and 11 are excluded from the analysis, as either no storage is implemented or the
resulting savings are insufficient to justify LTES implementation.
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Figure 5.16: NPV of different discount rates with a 10 year project period,
configuration 2.

Four of the customers show a profitable project independent of the discount rate,
while two never obtain a positive value. These customers, 4 and 7, also exhibit the
longest PBP out of the customers in the analysis. Comparing the discount rates,
the majority of customers achieve a profitable project both at a discount rate of 3%
and 5%, while approximately half of them show profit at 7%. This indicates that
LTES is generally profitable for most customers, although the level of profitability
depends on the chosen discount rate.

5.5.2 Producer Perspective

As stated in subsection 4.5.2, the economic assessment for the producer is based on
an optimized system to represent the theoretical potential for utilizing the LTES. In
this following analysis, it is also assumed that the producer pays the full investment
cost of the storage units.

In terms of electricity costs, implementing 27 LTES units in an optimized system
would result in savings of 6 345 SEK/year. Compared to the other costs associ-
ated with implementing the storage system, this saving is relatively insignificant
and therefore has little to no impact on the economic assessment. Consequently, it
has not been included in the following calculations.

The NPV includes investment and connection costs, revenue generated from new

customers and the loss of revenue due to reduced income from capacity charges. The
savings in electricity costs are considered too small to have a meaningful impact,
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and are therefore excluded in the analysis. The results are presented in Figure 5.17,
which illustrates the NPV across four different discount rates.
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Figure 5.17: NPV of different discount rates with a 10 year project period,
optimized Almedal area.

Implementing LTES in the system appears to be almost non-profitable for the pro-
ducer. A discount rate higher than 3% will result in a non-profitable investment
independently of the number of LTES implemented. At a discount rate of 3%, the
NPV shows to be profitable for up to 4 storage units, before turning negative for
further implementations. This indicates that the loss of revenue combined with the
investment and connection costs appears to outweigh the additional income from
new customers. Additionally, the assessment assumes an optimized system, i.e.
with a AT of 10 °C, which differs notably from the actual system today.

Overall, if the producer were to invest in LTES storage, the load and flow in the
system, as well as compressor usage, would be reduced. This would, in turn, lead
to savings in electricity consumption and a potential increase in the overall network
SEER during the period. However, the savings and additional income generated
would not be sufficient to cover the investment costs, meaning that, from the per-
spective of the producer, the investment would not be profitable.

5.5.3 Shared Investment Assessment

The previous results are based on the assumption that either the customer or the
producer bears the full investment cost of the storage. From the NPV evaluation for
both parties, the incentives for investing in LTES is stronger for customers rather
than the producer, therefore customers are more likely to invest in storage. However,
LTES still reduce both load and flow in the area, and enabling more customers to
connect creates opportunities for network expansion, thereby also providing benefits
in favor of the producer. Since both parties benefit from LTES implementation, a
cost-sharing approach could be considered to reduce the economic burden for both
parties. Note that this analysis is based on the optimized system for an average
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comfort customer. The full calculations are provided in Appendix C.

The cost that the producer and customer are willing to pay per installed kWh of
LTES is presented in Figure 5.18, based on a discount rate of 9% and a project
period of 10 years. The lines indicate the producer, customer, and combined invest-
ment, while the markers indicate the break-even points, i.e. where the NPV is zero.
Furthermore, this is based on the assumption that if implementing a LTES unit,
the peak load can be reduced by 0.72 kW per installed kWh of LTES, as shown in
Figure 5.11. Furthermore, for additional discount rates, the willingness to pay for
both producer, customer and them combined are presented in Table 5.6.
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Figure 5.18: Break-even willingness to pay (r = 9%) per installed kWh of LTES
for the producer, customer, and combined case.

Table 5.6: Willingness to pay for producer, customer and combined for different
discount rates and a load reduction of 0.72 kW /kWh.

Discount rate | Producer | Customer | Producer & Customer
(%] [SEK/kWh] | [SEK/kWh] [SEK/kWh]
3 1748 4 631 6 378
5 1 445 4 192 5 637
7 1185 3 813 4 998
9 958 3 484 4 442

From the perspective of the producer, the cost includes the connection cost, loss of
revenue and additional income from new customers. From the perspective of the
customer, there is no additional costs other than the investment of the LTES. The
results show that depending on the discount rate, the producer is willing to pay be-
tween 958 - 1 748 SEK/kWh of installed LTES. Comparing with the customer, the
willingness to pay range between 3 484 - 4 631 SEK/kWh. This aligns with previous
findings, indicating that customers benefit more from storage and are therefore will-
ing to pay more. For the combined case, the break-even investment cost is between
4 442 - 6 378 SEK/kWh, at which NPV equals zero. This represents the maximum
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cost at which the investment remains economically viable for both parties, if they
both are willing to pay their maximum amount.

If both parties share the investment, the producer can pay between 21-27% of the
total investment while still remaining profitable. However, this represents the theo-
retical maximum at which both parties remain profitable, and the cost-sharing dis-
tribution may vary depending on the investment cost of the storage system. When
compared with the calculated investment cost of the LTES (2 149 SEK/kWh), the
customer would be able to cover the full cost independently of the discount rate
and still obtain a profit. In contrast, the producer would not be able to indepen-
dently cover the full investment cost while maintaining profitability regardless of
the discount rate, but could contribute between 45-81% of the investment while
still maintaining an NPV above zero.

Looking at Figure 5.11, after approximately seven installed storage units, the peak
load reduction achieved by additional units decreases significantly. Between 860
LTES units, the average reduction is 0.17 kW /kWh, which corresponds to approxi-
mately a 76% lower reduction compared to the first seven units. As a result, if further
investments in storage were to be made, the willingness to pay would decrease to
between 226-413 SEK/kWh for the producer and between 822-1,093 SEK/kWh for
the customer. Consequently, at the calculated investment cost and independently of
discount rate, such a small reduction would mean that no party, whether investing in-
dividually or together, would obtain a profit from installing additional storage units.

The results obtained above indicate that both the willingness to pay and the prof-
itability of the parties depend strongly on the reduction achieved by the storage
units. Therefore, it is of interest to investigate which reduction rates are required
for the parties to obtain a profit. The required reduction rates, for each discount
rate and based on the calculated investment cost (2 149 SEK/kWh), are presented
in Table 5.7. The reduction rate is based on the combined case.

Table 5.7: Required reduction rates for both parties to remain profitable,
combined case.

Discount rate | Required reduction
%] W /W]
3 0.24
5 0.27
7 0.31
9 0.35

Looking at the table, a reduction of 0.35 kW /kWh is required for the LTES to be
profitable for both parties, independently of the discount rate. Given the higher
average reduction of 0.72 kW /kWh for the first 7 units and 0.17 kW /kWh for units
8-60, approximately 21 LTES units are required for the overall average reduction
to reach 0.35 kW/kWh. If taking a value of 0.24 kW /kWh, the system could have
approximately 55 LTES units in total to reach this average reduction. Therefore,
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the maximum number of LTES that can be implemented to still result in profit for
the parties depends on what discount rate is applied.

Worth noting is that these results are based on the Almedal area being represented
as one aggregated customer, meaning that the actual peak load reduction may vary
in a real implementation where LTES are installed at individual customer sites. As
shown in previous results, different customers experience different levels of peak re-
duction, which further increases the uncertainty in system-level performance and
profitability.

Overall, the results imply that customers gain greater economic benefits from LTES
compared to the producer. However, the feasibility of a cost-sharing approach de-
pends strongly on the achieved marginal reduction of additional storage units. While
early installations provide high reductions, the performance decreases significantly
as more units are added to the system. This implies that profitability is not only
dependent on the investment cost and discount rate, but also on how effectively ad-
ditional LTES units contribute to peak reduction. In the studied case, the number
of units that can be justified before the average performance drops below the prof-
itability threshold is limited, and depends greatly on the discount rate used in the
calculations. Finally, these results highlight that the cost-sharing and investment
incentives are highly sensitive to system performance assumptions. Changes in re-
duction efficiency or economic parameters may therefore change both the optimal
number of LTES units and the resulting economic distribution between producer
and customer.

5.5.4 Arena Area

The implementation of LTES in the DC system could potentially reduce the flow
to an extent that the pipelines for the proposed Arena area could be reduced. If a
reduction in pipe dimension would be possible, the total savings would be:

APPe = (21 735 — 20 261) - 250 + (82 426 — 74 793) = 376 133 SEK  (5.1)

The Almedal area experienced a similar peak load during 2025 as what is expected
for the new Arena area, and can therefore be used to evaluate whether LTES could
help sizing down in pipe dimension. In the optimal system configuration, the peak
flow rate for a load of 4.2 MW would be 362 m?/h. In that case, the LTES would
therefore have to decrease the flow by 62 m3/h to meet the requirement for smaller

pipes.

However, as shown in Figure 5.12, approximately 100 LTES units would be required
to reduce the peak flow to around 300 m3/h. This corresponds to approximately
100 m? of PCM material, and the associated investment cost would exceed 9 MSEK.
Comparing this with the saved cost from sizing down one pipe dimension, the in-
vestment cost is approximately 24 times higher. From this perspective, it can be
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concluded that implementing LTES is not economically viable if the producer were
to invest in the storage. If, instead, the customers were to invest in the storage,
the total savings, based on a break-even approach, a project period of 10 years,
and independent of discount rate, would need to exceed 1.1 MSEK yearly for the
investment to be profitable. This level of savings would not be achieved through
peak reduction, and it can therefore also be concluded that having customers bear
the investment is economically unfeasible.

Furthermore, these results are based on an optimal system perspective and do not
account for fluctuations or deviations in temperatures or flow rates. If LTES were to
be implemented for this purpose, it would require idealized operation during high-
load hours, since any deviations could result in the maximum pipe flow rate being
exceeded. In addition, reducing the pipe dimension would constrain the system’s
ability to connect new customers, as the LTES in this configuration would already
fully utilize the available pipe capacity for the included customers. Consequently,
if LTES were implemented, the producer would not gain additional benefits beyond
the savings from downsizing the pipe dimension, while also potentially losing rev-
enue from customers due to the peak cost savings enabled by LTES. Therefore, it
can be concluded that implementing LTES in this configuration is not economically
viable for either party within the studied context.
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Further Analysis and Discussion

In this chapter, further analyses of the results are presented alongside a discussion
of the findings. First, the sensitivity analyses performed are covered.

6.1 Sensitivity Analysis

This section covers the sensitivity analyses preformed. These are all evaluated using
configuration 2.

6.1.1 Loss Factor

An analysis of customer peak reductions with a loss factor of 10%, 20% and 30% was
performed. The results can be found in Appendix C. Worth noting is that customer
8 is not included in the graphs since no storage unit is installed. The percentage of
peak reduction for different loss factors with 27 LTES implemented for the actual
Almedal area are presented in Table 6.1. The results indicate that a low loss factor
consistently leads to greater peak shaving, while higher ones reduces the amount of
peak reduction.

Table 6.1: Peak shaving at different efficiency levels for the total Almedal area.

Loss Factor 0% 10% | 20% | 30%
Peak Reduction || 6.12% | 5.89% | 5.61% | 5.27%

If accounting for a loss factor, the amount of energy that can be used for each
implemented LTES reduces, resulting in a lower reduction per installed kWh of
storage. This leads to a higher cost per reduced kW in the system. If implementing
the different loss factors to the optimized system, the reduction for implementing
between 0-7 LTES units is 0.72, 0.68 and 0.63 kW /kWh respectively. For further
implementation, the reduction is 0.17, 0.15 and 0.14 kW /kWh. This indicates that as
the loss factor increases, the reduction decreases and consequently the willingness
to pay. If taking the largest loss factor analyzed, i.e. 30%, the willingness to
pay for both parties is combined 3 887 SEK/kWh of installed LTES, which still
is significantly higher compared to the estimated investment cost of the storage.
However, if aiming for the same reduction in the system, a larger amount of LTES
would be required in order to achieve the same reduction.
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6.1.2 Flow Fraction When Discharging

The amount of flow that can be redirected into the LTES determines how much
discharging can occur each hour. However, it also influences the increase in supply
water temperature on the secondary side. The average temperature increase during
discharging, for different maximum flow fractions, is presented in Figure 6.1. The
average is calculated only for hours during which discharging occurs, in order to pro-
vide a representative measure of the temperature increase caused by the LTES. The
results show that, regardless of the maximum flow fraction, the temperature increase
never exceeds 1 °C. This indicates that if the LTES can maintain an outlet temper-
ature of 12 °C, customers will not experience any significant increase in temperature.

B 20% Flow Fraction
30% Flow Fraction
B 50% Flow Fraction
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Figure 6.1: Average increase of supply water temperature on secondary side
during discharging for different maximum flow fractions.

A visualization of the peak load and peak flow reductions for the different examined
flow fractions can be found in Appendix C. When reducing the flow fraction to 0.2,
seven out of eleven customers experience a decrease in peak load reduction. This in-
dicates that a lower flow fraction imposes stronger operational constraints, limiting
the available discharge capacity for more customers. For flow, the change is minor,
with only two customers showing a slight decrease in peak flow reduction due to
limited discharge availability. When increasing the flow fraction to 0.5, only three
customers achieve further noticeable reductions in peak load. This is because other
constraints, such as peaks occurring outside the discharging window, become the
governing limitation. Regarding flow, three customers achieve increased reductions.
However, at higher numbers of implemented LTES, the increased discharge capacity
leads to more charging, and thus a higher increase in peak flows.

For an optimized system, when reducing the flow fraction to 0.2, the decrease in peak
load between 0-7 installed LTES remains the same with a value of 0.72 kW /kWh.
Further reductions occur up to 40 units at a rate of 0.18 kW /kWh. After 40 units,
no further reduction is seen in the system. If instead increasing the flow fraction
to 0.5, the reductions are the same as for the original case, but continues up to
around 65 units. The flow fraction therefore has no significant effect on the amount
of load that is reduced, but rather on when peak reduction stagnates. This indicates
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that the peaks are not governed by the flow fraction constraint, which is due to the
same reasoning as for the larger customers. That is, the flow provided to the system
each hour is sufficiently large that the system does not reach its maximum possible
discharge flow. Furthermore, this also indicates that the flow fraction does not have
a significant impact on the cost per reduced kW of peak, and that the willingness
to pay for LTES remains unchanged.

Overall, the results show that the system is more sensitive to decreases in flow frac-
tion than to increases. Lower values significantly restrict discharging capabilities,
while higher values provide small returns due to other operational constraints be-
coming dominant. Variations in flow fraction do not significantly affect the resulting
temperature increase on the supply side if assuming a constant LTES outlet tem-
perature of 12 °C. For an optimized system, the flow fraction have no large impact
on the willingness to pay, but rather affect after how many LTES units the peak
reduction stagnates.

6.1.3 Investment Cost

The investment cost, as mentioned in section 4.7, is estimated with few sources and
is therefore an uncertain parameter. Since it highly affected the profitability of im-
plementation, alongside with the incentive to invest in LTES, its impact on these
factors are investigated.

The different investment costs investigated with each discount rate are visualized in
Figure 6.2. Looking at the graphs, the expected outcome of decreasing profitability
with decreasing discount rates is evident and similar to the model results. What is
also apparent is that even fewer customers reaches a profitable investment with the
increased investment cost.
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Figure 6.2: NPV of different investment costs for customers.
At a 3% discount rate, the majority of customers achieve a positive NPV at the
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lowest investment cost (1 719 SEK/kWh), with six customers remaining profitable.
However, as the investment cost increases, profitability declines. At the highest cost
level (3 223 SEK/kWh), only customer 1 and customer 3 remain profitable. Cus-
tomer 2 is only profitable at low discount rates or investment costs, and become
unprofitable as they increases. Customers 7 and 11 exhibit negative NPVs across
all scenarios, indicating that LTES is not economically viable for these cases.

Furthermore, at an investment cost of 2 579 SEK/kWh, five of the customers are
profitable at a discount rate of 3%, indicating that an investment cost of this value
still show incentive to invest in LTES. At a 5% discount rate, only four customers
show positive values, comparing to six being profitable for the base case. Similarly,
at a 7% discount rate, only three compared to five show positive NPVs. This sug-
gests that a 20% increase in investment cost affects more customers as the discount
rate increases.

The analysis also highlights the sensitivity of different customers to cost assump-
tions. For example, as stated above, customer 1 remains profitable independently of
investment cost and discount rate, indicating a strong incentive to invest in LTES.
In contrast, customer 5 shows large variations in NPV depending on both discount
rate and investment cost, suggesting a high sensitivity and uncertainty regarding the
incentive. The profitability changes significantly both in terms of investment cost
and discount rate, and each customer is affected differently. This concludes that
some customers are more sensitive than others, and that the investment cost and
discount rate being two almost equally important factors in terms of how it affects
the customers incentive to implement LTES.

These results also show how the customers deviate from the optimized system anal-
ysis. From subsection 5.5.3, it was found that, for implementing up to seven LTES
units, the reduction has an average value of 0.72 kW /kWh. For that case, customers
could, independently of the discount rate, bear an investment cost between 3 484—4
631 SEK/kWh and still remain profitable. The costs investigated in this analysis
all lie below this range, and each customer have less than seven LTES implemented,
but still the majority of customers show negative NPVs. This indicates that the
customers have a reduction per installed kWh of LTES way below what the opti-
mized system achieved. From the perspective of the producer, if they were to invest
in the entire storage system, the only scenario in which the NPV is non-negative is
with a discount rate of 3% and an investment cost at 80% of the calculated value.
Otherwise, the producer obtains negative returns.

For the investment to be profitable, customers must contribute to the upfront cost.
At an investment cost of 1 719 SEK/kWh, a high peak reduction increases the
overall incentive, allowing the producer to cover a larger share of the investment.
However, if the peak reduction per installed kWh of LTES decreases significantly,
even the combined investment case is insufficient to achieve profitability, including at
the lowest investment cost. This highlights the importance of carefully evaluating
the reduction potential for each individual customer before drawing conclusions
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regarding investment costs and economic incentives.

6.2 Further Analysis

From the results, it is found that there are several factors affecting the utilization
of the LTES. This section evaluates some of the key factors.

6.2.1 Low Delta-T

In Figure 6.3, a correlation between profitability and the average temperature dif-
ference of each customer is presented. The NPV is calculated using a discount rate
of 3% and the analysis is based on configuration 2. The results indicate that im-
proving the temperature differences is not only beneficial for the initial reduction of
load and flow, but also enhances the effectiveness of peak reduction when storage
is implemented. This is further supported by comparing the total reduction of the
Almedal area under realistic temperature differences and the theoretically ideal case.
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Figure 6.3: NPV (r = 3%) of each customer and average temperature difference
of the supply temperature on the primary side. Size of circles indicates size of
maximal peak of the customer [kWh/year|. Notation: The x-axis starts at 4 °C.

It is of importance to consider that if LTES were to be implemented, the customers
have to maintain a good regulation of their temperatures to effectively be able to
use the storage units. There are two main ways of achieving this. Either Gote-
borg Energi could decrease its cooling supply temperature, thereby increasing the
temperature range on the charging side, which would ensure improved operation of
the storage. This could also enhance efficiency of the storage units, as performance
may improve with respect to supercooling. The other alternative is that customers
ensure high return temperatures to the HX and to the LTES, which would both
decrease excessive flow rates and ensure that discharging of the storage can oc-
cur properly. This means that an improved substation, preferably together with
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demand-side management, would increase the value of the LTES significantly, and
should be considered.

6.2.2 Lowered Primary Side Return Temperature

During charging of the storage units, the return temperature on the primary side will
be lower. This is due to the charging outlet temperature being set to 8 °C, resulting
in a decreased return temperature. The model charges with additional flow and can
result in a significant flow increase since many of the customers experience low flow
rates during nighttime. To evaluate the impact, a mixed temperature was calcu-
lated the same way as in configuration 2’s Equation 4.33. The results are presented
in Table 6.2. TZZ';féi and Tiom" is the old and new average return temperature
during charging hours on the primary side. T4 and T "% is the old and new
average return temperature for all hours on the primary side. Lastly, a new average

temperature difference between supply and return is included.

Table 6.2: Comparison of average return temperatures before and after charging,
and total charging hours for all customers.

Customer T!,fé;‘);g Tt | Treteld | pretnew | New AT || Charging
no. [°C] [°C] [°C] [°C] [°C] Hours
1 21.19 11.54 20.97 18.30 11.2 1009
2 12.70 9.21 13.47 13.07 6.6 421
3 14.40 10.17 14.28 13.26 6.2 881
4 10.60 9.68 11.02 10.91 4.6 455
5) 15.20 9.16 15.55 14.17 7.0 833
6 15.30 11.73 15.35 14.99 7.0 366
7 12.70 9.21 12.10 11.84 5.4 269
9 15.71 11.63 15.83 15.40 8.1 388
10 14.67 10.68 14.92 14.17 7.8 686
11 12.17 9.04 15.81 15.40 3.5 478

The table shows that the difference in temperature varies between customers. Look-
ing at the average temperatures during charging hours, there is a clear difference
between scenarios with no charging and extensive charging. Customer 1 exhibits
a lower return temperature during charging because of the flow to the HX being
smaller than the flow to the LTES. The other customers show smaller ranges with
customer 4 having the smallest difference of less than 1 °C.

Considering the total return temperature difference, the impact is less pronounced
where most customers have differences below 2 °C. Customer 1 again exhibits the
largest difference, with a new return temperature of 2.7 °C lower than without
charging. This is due to the high number of charging hours and the big temperature
difference of the charging hours. As shown in Table 6.2, no other customer charges
as frequently.
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6.2.3 Lower Load Limit for Storage Implementation

From the results, it was found that customer 8 is not suitable for an LTES due
to cooling being turned off during nighttime. It is the smallest customer in the
area, with a peak load of 25.3 kW, a peak load significantly smaller compared to
the rest of the customers and also smaller than the capacity of a storage unit it-
self. Implementing storage for a customer of this size could therefore potentially
increase the cooling requirement to such an extent that the load would increase
excessively. Therefore, its peak can be considered to have little to no effect on the
overall system, and the customer is deemed too small for the installation of an LTES.

Analyses of the flow profiles shows that, for smaller customers, charging the stor-
age during nighttime can create new peak flows. Since reducing flow peaks is also
wanted, this is an undesirable effect of LTES implementation. In the current setup,
the maximum charging flow rate was defined to ensure full charging during night-
time assuming a temperature difference of 1 °C. However, if the producer can ensure
a supply temperature of 6 °C or lower, the required flow rate could potentially be re-
duced, thereby mitigating this issue to some extent. Nonetheless, if peak flows were
to be increased when implementing LTES, these customers could also be considered
having too small flow profiles to benefit from LTES from a system perspective.

It is, however, difficult to define a clear threshold for how small a customer can be
for LTES to remain beneficial. This must instead be evaluated from a system per-
spective, considering how individual customers peaks influence the overall network.
Even though a few customers might experience higher peak flows, if these do not
coincide, then the system might not see as much of negative effects. Additionally,
the customer must experience meaningful benefits. For smaller customers, whose
costs are already relatively low, the incentive to invest in LTES may be smaller.
Therefore, it is essential to assess each customer individually, taking into account
their size, load profile, and flow characteristics. The storage system must be appro-
priately sized, so that it does not require excessive cooling capacity relative to the
customer’s demand and does not introduce unfavorable operational effects.

6.3 Discussion

Looking at the results obtained from both model configurations, customers have
several variables that can be adjusted to achieve reductions in both flow and load,
in addition to the implementation of a storage. In subsection 5.5.4, the results in-
dicate that LTES is not a solution to reducing the network dimensions. Instead, it
could be used as a solution for mitigating peak load and flow variations. To reduce
the base load of cooling in the Arena area, the storage system would have to be
scaled up to 100 LTES, demanding significantly large storage capacity.

Furthermore, customers 8 and 11 were chosen not to be included in the majority of

the calculations. This is due to customer 8 generating a negative economic outcome
from installing LTES, and customer 11 experiencing an unrealistic payback period.
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The two customers are the smallest in the system, with customer 8 having a peak
load of 25.3 kW, which is significantly smaller compared to the rest. As stated above,
implementing storage for a customer of that size is considered unrealistic, due to the
storage requiring more cooling capacity than the customer itself. Customer 11 is
second to customer 8 and has a larger peak load of 151 kW. However, while customer
11 is deemed unprofitable, customer 3 is evaluated as suitable for a storage unit,
even though both its peak load and AT are similar to those of customer 11. This is
because customer 11 has peak demand occurring outside of the discharging window,
and its cooling is turned off some of the time. Therefore, customer 11 may be suit-
able for storage if its cooling demand were continuously active and if the charging
and discharging windows were adjusted to match its load profile. The charging and
discharging windows were initially set to match the majority of customers, however,
customer 11 demonstrates that it is important to define these individually with re-
spect to each customer’s load pattern.

The return temperatures of LTES charging indicated that charging leads to lower
primary side return temperatures. After charging, the flow is assumed to return to
the producer, and the lowered AT caused by the charging becomes an undesirable
consequence. One approach to mitigate this and achieve higher return temperatures
during charging, the supply water to the LTES during charging could potentially be
utilized twice. The water would first be used to charge the LTES, then pass through
the HX to cool the secondary side return water. This could further reduce cooling
production, help mitigate excessive flow rates during nighttime and as a result lower
increased flow costs for customers. However, this approach would require greater
flexibility at customer sites, as slightly higher nighttime supply temperatures would
need to be acceptable. The producers would also lose revenue of increased flow costs
from customers.

Even though the implementation of LTES has been shown to reduce both peak load
and peak flow, it is important to highlight the assumptions made in this analysis.
The model assumes that the PCM can sufficiently solidify and melt using the supply
water on the primary side and the return water on the secondary side. In reality,
achieving a complete phase change when the heat-transfer medium is close to the
melting temperature is often difficult, due to gliding temperatures and supercooling.
These constraints are not included in the model and may affect the performance of
the LTES. Furthermore, the model assumes that the storage system has the same
charging and discharging capacity regardless of flow rates and temperatures, which
may also influence actual performance. In addition, cycling performance is ne-
glected. Because there are few existing installations using PCM for cooling storage,
especially in DC systems, it is difficult to define accurate constraints. Further sim-
ulations and experimental testing of the material are therefore needed to properly
evaluate performance and feasibility of LTES in these systems.
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Conclusions

This thesis has investigated the suitability of LTES as an energy storage solution in
DC networks.

The use of LTES in the DC network is considered feasible. Several important and
complex design aspects have been identified, including gliding temperatures, low
thermal conductivity and phase separation. A PCM with melting temperature of
around 10 °C is available and suited for the Gothenburg DC network. Furthermore,
storage capacities of 44, 88, 132 or 176 kWh are deemed reasonable for typical sub-
stations depending on customer size, behavior and space availability.

It was found that an LTES configured to pre-cool the flow before the HX (config-
uration 1) reduces customer costs by lowering the required cooling load. However,
the volumetric flow rate on the primary side is not reduced with this configuration.
The decrease in cooling load is a consequence of a smaller temperature difference
over the HX, leading to a lower return temperature to the producer. Therefore,
this configuration is not desirable from a system perspective. By instead allowing
the LTES to cool a fraction of the flow and subsequently mix it with the HX out-
let (configuration 2), both peak load and peak flow can be reduced. This is with
the assumption that customers can receive a more flexible supply temperature. Al-
though, it is shown that if the storage units are able to deliver a return temperature
of 12 °C, the resulting increase in supply temperature on the secondary side remains
below 1 °C. Nevertheless, the effectiveness of the storage is strongly influenced by
parameters such as the flow fraction, temperature levels, and the timing of peak
load occurrence. The charging and discharging windows also affect the peak load
reduction, and needs to be set individually for optimal performance.

Modeling the integration of LTES in the Almedal area demonstrated potential peak
load and peak flow reductions. In 2025, the area reached a peak load of 4.2 MW,
which could have been reduced by approximately 257 kW (6.1%) with 27 LTES
units. Similarly, the peak flow of 556 m*/h could have been reduced by 18 m?/h
(3.2%). Further, the compression usage could decrease by 46 MWh, potentially im-
proving the network SEER.

In the optimized scenario without storage implementation, improved substation per-
formance (AT = 10) reduced the peak flow to 362 m?/h, corresponding to a reduc-
tion of 34.9%. This indicates that substation performance optimization has a greater
impact on flow reduction than storage implementation alone. If storage is combined
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with optimized operating conditions and the same number of LTES units is imple-
mented, the peak flow could further be reduced to 326 m?/h (10.0%), and the peak
load reduced by 421 kW (10.0%). This indicates that an optimized system scenario
enhances the effectiveness of the LTES units. In addition, it was shown that the
compression usage could be further decreased with 13 MWh in the optimized system.

From an economic perspective, the results and sensitivity analysis of investment cost
showed that profitability is highly case-dependent. While some customers achieve a
stable positive NPV across several discount rates, others are highly sensitive to small
changes in operating conditions and storage size. Overall, LTES provides greater
economic benefits for customers than the producer. In the optimized system, with
a reduction of 0.72 kW/kWh of installed LTES, a cost-sharing scenario would al-
low the producer to bear approximately 45-81% of the calculated investment cost
depending on the discount rate, while the customer could cover the full investment
cost in all cases and still remain profitable. However, profitability is strongly driven
by the achieved peak reduction. For a shared investment to remain viable for both
parties, the required reduction lies between 0.24-0.35 kW /kWh of installed LTES
depending on the discount rate.

The sensitivity analysis showed that when accounting for a higher loss factor, some
customers may require a larger storage capacity to achieve the desired reduction.
Therefore, testing should be conducted prior to implementation. The flow fraction
used for discharging indicates that the system is more sensitive to reductions in
this parameter than to increases. This is due to other factors, such as the available
charging and discharging windows becoming the new governing constraints. This
parameter also did not show any significant impact on profitability for either the
customer or the producer.

Future research is recommended to include pilot testing of an LTES system inte-
grated with a substation operated by Goteborg Energi. Such a pilot would need
to evaluate feasible temperature ranges, selection and performance of the PCM, as
well as system integration and control strategies, all of which are critical considera-
tions prior to commercial deployment at customer sites. Furthermore, as previously
noted, each customer must be individually assessed and paired with appropriate
charging and discharging windows, as well as a suitable PCM melting temperature,
to ensure optimal system performance. The control strategy for the storage system
also requires further investigation, particularly regarding the effectiveness of a daily
operating cycle.
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Appendix 3: Graphs

Model Validation Results

In the figures, the orange curve represents the new load, and the blue curve represents
the original load.
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C. Appendix 3: Graphs

Theoretical Findings

The schematics uses the connection of configuration 1, although is

considering configuration 2.
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Sensitivity Analysis: Loss Factor
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Calculation of Shared Investment Cost (r = 9%)
Willingness to pay for producer:
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Appendix 4: Code/Model
Configuration 1

#%% main function

3 #Main Function, input of customer data frame, total production data

10

frame and number of LTES units

def optimize_customer_configl (kund_df ,df_totprod, n):

# Start with importing parameters
# ######## PARAMETERS ########

cust_load
customers

kund_df .iloc[:, O].values # Load values of the

cust_flow = kund_df.iloc[:,1].values # Flow of customer in kg/s
comp_use = df_totprod.iloc[:,3].values # Compressor cooling

each hour

abs_use = df_totprod.iloc[:,2].values # Absorption Cooling each

hour

Tret_cust = kund_df.iloc[:,4].values + 2 # T return customer

Tret_prod = kund_df.iloc[:,4].values # T return production

Tsup_cust = kund_df.iloc[:,3].values +2 #T supply customer

Tsup_prod = kund_df.iloc[:,3].values # T supply producer

T = len(cust_load)
D =T // 24 #// = gives no decimals, only integers
# --- Charging and Discharging time windows ---

start_charge = 20
end_charge = 7
start_discharge = 8
end_discharge = 19

Cp = 4184 # Assumed Constant for Water/HTF
T_PCM_melt = 10 # Melting temperature for PCM
numb_LTES = n # Number of LTES units

m_prod= 1 * numb_LTES #maximal flow for charging in kg/s
max_PCM_cap = 44 *x numb_LTES # How much storage capacity
44kWh = 1m3 (according to pcmproducts.net)

flow_customer = cust_flow # Mass flow at customer assumed
to producer

[kWh]

equal

XIIT
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D. Appendix 4: Code/Model Configuration 1

T_PCM_out_charge = T_PCM_melt - 2 # Output temperature of
charging

T_PCM_out_discharge = T_PCM_melt + 2 # Output temperature of
discharging

S0C_current = 0 # State of charge at hour O
total_SOC = [SOC_current] # list with SOC /hour. Puts
SO0C_current as first hour

total_new_load = np.zeros(T) # array for optimized load,
hourly

total_charge = np.zeros(T) # array for optimized charge,
hourly

total_discharge = np.zeros(T) # array for optimized discharge
, hourly

total_peak = [] # list with daily peak (after
LTES installment)

total_new_flow = np.zeros(T) # array with new flow
new_Tret_cust = [] # list with new return
temperature on customer side post LTES

new_Tret_prod = [] # list with new return

temperature on producer side post LTES

# Define charge/discharge periods
# Function returns True if the hour is in charge/discharge window

def is_charge_hour (h):
return (h >= start_charge or h <= end_charge)

def is_discharge_hour (h):

return (h >= start_discharge and h <= end_discharge)
# ######## Optimize Daily Peak ####H####
for d in range(D):

start = d*x24 # Make sure the hour/index is correct
end = start+24 # End of daily peak reduction 24h later

day_load
day_flow

cust_load[start:end] # Load of the day
flow_customer [start:end] # Flow of the day

T ret_cust Tret_cust [start:end] # Return temperature on
customer side
T_sup_cust

customer side

Tsup_cust [start:end] # Supply temperature on

T_sup_prod Tsup_prod[start:end] # Supply temperature on
producer side
T_ret_prod

producer side

Tret_prod[start:end] # Return temperature on

# ######## MODEL #H#H#H#####

#State that the problem is a minimizing problem of daily
peak

model = pl.LpProblem(f"Day_{d}", pl.LpMinimize)
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D. Appendix 4: Code/Model Configuration 1

# Needs 25 in range to state SOC for hour zero of the
coming day,

# ######## VARIABLES ########

# Dictionary with 25 positions of variable SO0C, max =
max_PCM_cap

SO0C = pl.LpVariable.dicts("S0OC", range(25), lowBound=0,
upBound=max_PCM_cap)

# Dictionary with 24 variables of Charging and Discharging

charge = pl.LpVariable.dicts("Charge", range(24), lowBound
=0)

discharge = pl.LpVariable.dicts("Discharge", range (24),
lowBound=0)

# Variable of the daily peak, that is to be optimized

peak_day = pl.LpVariable("peak_day", lowBound=0)

# ######## CONSTRAINTS ########

# Optimal Function

weight = 0.001 # state 0.0001 for optimal (10 factor)

model += peak_day + (weight * pl.lpSum(chargel[t] * day_load
[t] for t in range(24)))

# Initial SOC
model += S0C[0] == S0OC_current

# Constraints per timme
for t in range (24):

hour = kund_df.index[start+t].hour # Get the correct
date and hour

# SO0C-Dynamic (Checks for the uocoming hour)
model += SOC[t+1] == SOC[t] + charge[t] - discharge[t]

# Peak constraint
model += peak_day >= day_load[t] + chargel[t] -
discharge [t]

# Charging during night
if not is_charge_hour (hour):
model += charge[t] == 0

# Discharging during daytime
if not is_discharge_hour (hour):
model += discharge[t] == 0

# Customer Return Temperature Check (more than 12)
if T_ret_cust[t] <= T_PCM_out_discharge:
model += discharge[t] == 0
else:
model += dischargel[t] <= ((day_flow[t] * Cp * (
T_ret_cust[t] - T_PCM_out_discharge))/1000)

# Producer Supply Temperature Check (less than 8)
if T_sup_prod[t] >= T_PCM_out_charge:

model += chargel[t] == 0
else:
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model += chargel[t] <= ((m_prod * Cp * (
T_PCM_out_charge - T_sup_prod[t]))/1000)

# No negative load
model += day_load[t] + charge[t] - discharge[t] >= 0

# Solve LP

#PULP_CBC_CMD = solver using Coin-or Branch and Cut
#False is only referring to printing the solverlog or not
solver = pl.PULP_CBC_CMD (msg=False)

model .solve(solver) # model into solver

# ######## EXTRACT DAILY RESULTS ######H##

# Discharge and Charge

charge_opt = np.array([pl.value(charge[t]) for t in range
(24)1)

discharge_opt = np.array([pl.value(discharge([t]) for t in
range (24)1)

# SOC

SO0C_opt = np.array([pl.value(SOC[t+1]) for t in range (24)])

# New Load

new_load = day_load + charge_opt - discharge_opt
# Daily Peak

peak = pl.value(peak_day)

# Flow
for a in range(len(day_flow)):
if day_flow[a]l == O0:
new_Tret_cust.append(T_ret_cust[a])
new_Tret_prod.append(T_ret_prod[a])

else:
Temp = (T_ret_cust[al] - (discharge_opt[a]l*1000/(Cp
* day_flowl[al)))
new_Tret_cust.append(Temp)
new_Tret_prod.append(Temp - 2)

mflow_charge = []
for temp in range(len(T_sup_prod)):
if charge_opt[temp] == 0:
mflow_charge.append (0)
else:

mflow_charge.append ((charge_opt [temp] * 1000) / (Cp

* (T_PCM_out_charge - T_sup_prod[templ)))
# New flow, adding the charging flow
new_flow = day_flow + np.array(mflow_charge)

# Add to lists/arrays created earlier

total _new_load[start:end] = new_load
total_charge[start:end] = charge_opt
total_discharge[start:end] = discharge_opt

total_SOC.extend (SOC_opt)
total_peak.append (peak)
total_new_flow[start:end] = new_flow
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# Set Current SOC to the last value of the dict (Hour
00:00)
SOC_current = SO0C_opt [-1]

# ######## SUM ALL RESULTS ########
PCM_opt = max(total_S0C)

0ld_peak max (cust_load)

new_peak max (total_new_load)

0ld_flow_peak = max(cust_flow)
new_flow_peak = max(total_new_£flow)

comp_charge = []
abs_discharge = []

total_SOC.pop(-1) #Remove Value 25

dT_flow = (cust_flow - total_new_flow)
dT_flow_max = max(dT_flow)

for a in range(T):
if comp_usel[a] > 0 and total_chargel[al > 0: # Number of
hours we charge while using compressor
comp_charge.append (1)
else:
comp_charge.append (0)

if comp_usel[a] == 0 and total_dischargel[a]l > 0: # Number of

hours we charge while using absorption
abs_discharge.append (1)
else:
abs_discharge.append (0)

# ######## EXTRACT ALL RESULTS AND RETURN ########

#Gather Results in a DataFrame, each per hour wiht time index

result_configls_df = pd.DataFrame ({

"old_load": cust_load, # 01d Load per hour
"new_load": total_new_load, # New Load per hour
"charge": total_charge, # Total Charge
"discharge": total_discharge, # Total Discharge
"S0C": total_SOC, # Total SOC
"old_flow": cust_flow * 3600/997, # 01d Flow

"new_flow": total_new_flow * 3600/997, # New Flow
"T_sup_prod": Tsup_prod, # T Supply Producer
"T_ret_prod": Tret_prod, # T Return Producer
"T_sup_cust": Tsup_cust, # T Supply Customer

"T ret_cust": Tret_cust, # T Return Customer
"new_Tret_cust": new_Tret_cust, # New T return Customer
"comp_charge": comp_charge, # Compression Charge
"abs_discharge": abs_discharge # Absorption Discharge

}, index=kund_df.index)

# The Function Returns:
return {
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"PCM_opt": PCM_opt, # Value (PCM storage
capacity)

"number_ LTES": numb_LTES, # Number of LTES

"old_peak": old_peak, # Value (max peak old)

"new_peak": new_peak, # Value (max peak new)

"old_flow_peak": old_flow_peak * 3600/997, # Convert kg/s
-> m3/h, Value (max peak old)

"new_flow_peak": new_flow_peak * 3600/997, # Convert kg/s
-> m3/h, Value (max peak new)

"charge": total_charge, #ilst of charging per hour

"discharge": total_discharge, #list of discharging per

hour
"SO0C": total_SO0C, #list of SOC per hour
"new_load": total_new_load, #list of new load per hour
"old_load": cust_load, #list of old load per hour

"old_flow": cust_flow * 3600/997, # Convert kg/s -> m3/h,
list of old flow

"new_flow": total_new_flow * 3600/997, # Convert kg/s -> m3
/h, list of new flow

"dT_flow": dT_flow * 3600/997, # Convert kg/s -> m3/h,
list of increased new flow difference

"dT_flow_max": dT_flow_max * 3600/997, # Convert kg/s -> m3
/h, Value (max increased flow difference)

"comp_charge": comp_charge, # List of compression
charge per hour

"abs_discharge": abs_discharge, # List of absorption charge
per hour

"result_configl": result_configls_df # Results Dataframe
from above

3
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def optimize_customer_config2 (kund_df ,df_totprod,n):
kund_load = kund_df.iloc[:, 0].values #load profiles customers

kund_flow = kund_df.iloc[:,1].values #flow profiles customer
Tret_cust = kund_df.iloc[:,4].values + 2 #return temperature
secondary side

Tret_prod = kund_df.iloc[:,4].values #return temperature

primary side

Tsup_cust = kund_df.iloc[:,3].values +2 #supply temperature
secondary side

Tsup_prod = kund_df.iloc[:,3].values #supply temperature
primary side

T
D

len(kund_load)
T // 24 #// = integer division

# charging and discharging windows
start_charge = 20
end_charge = 7

start_discharge = 8
end_discharge = 19

Cp = 4184
T_PCM_melt = 10 #mtelting temperature PCM

e = 0.001 #small value connecting the binary variable to
discharging

m max = 0.3 #flow fraction

eta = 1 #loss factor

numb_PCM

n #number of LTES units

m_charge = 1 * numb_PCM #maximum flow constraint
max_PCM_cap = 44 * numb_PCM # LTES capacity

flow_customer = kund_flow #flow customer

#Temperature constraints for charging and discharging
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XX

T_PCM_out_charge = T_PCM_melt - 2
T_PCM_out_discharge = T_PCM_melt + 2

SO0C_current = 0

total_SOC = [SOC_current]
total_new_load = np.zeros(T)
total_charge = np.zeros(T)
total_discharge = np.zeros(T)
total_peak = []
total_new_flow = np.zeros(T)
new_Tsup_mix = []

m_dis = np.zeros(T)
total_new_flow_customer = []
dT _overall = np.zeros(T)
mflowcharge = np.zeros(T)

#charging/discharging window constraints
def is_charge_hour (h):
return (h >= start_charge or h <= end_charge)

def is_discharge_hour(h):
return (h >= start_discharge and h <= end_discharge)

for d in range(D):
start = d*x24
end = start+24

day_load = kund_load[start:end]
cust_flow = flow_customer [start:end]

T_ret_cust = Tret_cust[start:end]
T_sup_cust Tsup_cust [start:end]

Tsup_prod[start:end]
Tret_prod[start:end]

T_sup_prod
T_ret_prod

M_dis = max(day_load)

#Minimizes each day individually
model = pl.LpProblem(f"Day_{d}", pl.LpMinimize)

#Variables

S0C = pl.LpVariable.dicts("SOC", range (25), lowBound=0,
upBound=max_PCM_cap)

charge = pl.LpVariable.dicts("Charge", range(24), lowBound
=0)

discharge = pl.LpVariable.dicts("Discharge", range (24),
lowBound=0)

peak_day = pl.LpVariable("peak_day", lowBound=0)

m_dis_part = pl.LpVariable.dicts("m_dis_part", range (24),
lowBound = 0O, upBound = m_max)

on_dis = pl.LpVariable.dicts("on_dis", range(24), cat="
Binary")
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#0bjective function
weight = 0.001 #weight for charging penalty

model += peak_day + (weight * pl.lpSum(charge[t] * day_load

[t] for t in range (24)))

model += SO0C[0] == SOC_current

# Constraints (hourly)
for t in range (24):
hour = kund_df.index[start+t].hour

# No negative load

model += day_load[t] + chargel[t] - dischargel[t]

# Peak constraint
model += peak_day >= day_load[t] + chargel[t]
discharge [t]

# SOC constraint
model += SOC[t+1] =

# Charging window constraint
if not is_charge_hour (hour):
model += charge[t] == 0

# Discharging window constraint
if not is_discharge_hour (hour):
model += dischargel[t] == 0

#Temperature constraint discharging
if T_ret_cust[t] <= T_PCM_out_discharge:
model += discharge[t] == 0

else:

S0C[t] + charge[t] - dischargel[t]

model += dischargel[t] == ((cust_flow[t]*m_dis_part[

t] * Cp * (T_ret_cust[t] - T_PCM_out_discharge))/1000)

#Temperature constraint charging
if T_sup_prod[t] >= T_PCM_out_charge:
model += charge[t] == 0

else:
model += chargel[t] <= ((m_charge * Cp * (
T_PCM_out_charge - T_sup_prod[t]))/1000)

#Flow fraction constraint

model += discharge[t] <= M_dis * on_dis[t]
model += m_dis_part[t] <= m_max * on_dis[t]
model += dischargel[t] >= e * on_dis[t]
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142 # Solver
143 solver = pl.PULP_CBC_CMD(msg=False)
144 model .solve(solver) #den skickar modellen in i solvern

146 # Extract results

147 charge_opt = np.array([pl.value(charge[t]) for t in range
(24) 1)

148 discharge_opt = np.array([pl.value(discharge[t]) for t in
range (24) 1)

149 SO0C_opt = np.array([pl.value(SOC[t+1]) for t in range (24)])

150 m_dis_part_opt = np.array([pl.value(m_dis_part[t]) if pl.
value(m_dis_part[t]) is not None else O for t in range (24)])

151 peak = pl.value(peak_day)

153 new_flow_discharge = []

155 for i in range(len(cust_flow)):

156 if discharge_opt[i] == O0:

157 new_flow_discharge.append(cust_flow[i])

158 total_new_flow_customer.append(cust_flowl[i
1%x3600/997)

159 else:

160 x = ((day_load[i] - discharge_opt[i])*1000) / (Cp =*

(T_ret_prod[i] - T_sup_prod[il))

161 new_flow_discharge.append (x)

162 total_new_flow_customer.append((x + cust_flowl[il]=*
m_dis_part_opt[i])*3600/997)

163

164 flow_PCM = cust_flow * m_dis_part_opt

165

166 Tsup_mixed = np.zeros (24)

167 flow_dis = np.zeros (24)

168

169 for h in range(len(cust_flow)):

170 if T_ret_prod[h] != T_sup_prodl[h]:

171 flow_dis[h] = ((day_load[h] - discharge_opt[h])
x1000) / (Cp * (T_ret_prod[h] - T_sup_prod([h]))

172 Tsup_mixed[h] = ((flow_dis[h] *T_sup_cust[h]) + (
flow_PCM[h] * T_PCM_out_discharge))/(flow_dis[h] + flow_PCM[h])

173 else:

74 flow_dis[h] = 0

175 Tsup_mixed[h] = T_sup_cust [h]

177 mflow_charge = []

179 for temp in range(len(T_sup_prod)):

181 if charge_opt[temp] == O:

182 mflow_charge.append (0)

183

184 else:

185 mflow_charge.append ((charge_opt [temp] * 1000) / (Cp

* (T_PCM_out_charge - T_sup_prod[templ)))

186
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new_

flow

np.array(new_flow_discharge) + np.array(

mflow_charge)

new_

dT_o

load

day_load + charge_opt - discharge_opt

v = T_ret_prod - T_sup_prod

total_new_load[start:end] = new_load
total_charge[start:end] = charge_opt
total_discharge[start:end] = discharge_opt
total_SOC.extend (SOC_opt)
total_peak.append (peak)

total_new_flow[start:end] = new_flow
new_Tsup_mix[start:end] = Tsup_mixed
m_dis[start:end] = m_dis_part_opt
dT_overall[start:end] = dT_ov
SO0C_current = S0C_opt [-1]
mflowcharge [start:end] = np.array(mflow_charge)
PCM_opt = max(total_S0C)
0ld_peak = max(kund_load)

new_peak
total_SO
dT _cust

dT_flow
dT_flow_

max (total_new_load)

C.pop(-1)

= new_Tsup_mix - Tsup_cust

= (kund_flow - total_new_flow) *3600/997
max = max (dT_flow)

0ld_flow_peak = max(kund_flow)
new_flow_peak = max(total_new_flow)

result_c
"old_1loa
"new_1loa
"load_di

"charge":

"dischar
"SO0C": ¢t
"old_flo
"new_flo
"dT_flow
"T_sup_p
"T_ret_p
"dT _over
"T_sup_c
"T_ret_c
"dT _cust
"new_T_s
"m_dis_p
"new_cus
"mflow_c
}, index

onfig2_df = pd.DataFrame ({

d": kund_load,

d": total_new_load,

fference": kund_load - total_new_load,
total_charge,

ge'": total_discharge,

otal_S0OC,

w": kund_flow * 3600/997,

w": total_new_flow *x 3600/997,

": dT_flow,

rod": Tsup_prod,

rod": Tret_prod,

all": dT_overall,

ust": Tsup_cust,

ust": Tret_cust,

": dT_cust,

up_mixed": new_Tsup_mix,

art": m_dis,

tomer _flow": total_new_flow_customer,

harge": mflowcharge *3600/997
=kund_df . index)
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return {
"PCM_opt": PCM_opt,
"number_ PCM": numb_PCM,
"old_peak": old_peak,
"new_peak": new_peak,
"old_flow_peak": old_flow_peak * 3600/997,
"new_flow_peak": new_flow_peak * 3600/997,
"charge": total_charge,

"discharge": total_discharge,
"S0C": total_SOC,
"new_load": total_new_load,

"old_load": kund_load,

"old_flow": kund_flow * 3600/997,

"new_flow": total_new_flow * 3600/997,

"dT _flow": dT_flow,

"dT_flow _max": dT_flow_max,

"result_config2 _with_time": result_config2_df,
"dT_overall": dT_overall
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