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Abstract

District cooling system (DCS) is a sustainable and cost-effective way to provide
cooling energy in urban areas[l]. DCS is growing in Sweden due to the increase
in cooling energy demand. In Gothenburg, an expansion of DCS will be done by
installing more cooling units and a cold-water thermal energy storage unit (TES).
This paper first models the potential operation of the TES of low loading tempera-
ture below 4 °C by using computational fluid dynamics model Ansys Fluent. Then,
it formulates an investment model by using linear programming (LP) to investigate
the optimal size of the units, potential benefits and drawbacks to the system, in 2040.

The research results in this study demonstrate that the operation of discharging
temperature of water of 1 °C is unlikely in the operational point of view due to
the intensive mixing in the low-temperature zone. The thermocline layer is only
established between the warm return water zone and the cold zone. The thickness
of the thermocline layer grows with time with the conduction and diffusion due to
temperature difference within the medium.

The balance between the investment and the operational cost decides the optimum
size for the TES and the new production plant. TES has an investment priority
advantage as it has a cheaper investment cost compared with the use of mechanical
chillers, and a lower operational cost because it can be charged during the off-peak
hours with low electricity prices. However, one of the limiting factors for the size of
TES is the available chiller’s capacity for charging the TES, and another factor is
the peak cooling demand. TES is optimized with the lowest total cost by running
on a daily cycle. It saves operational costs by charging during off-peak hours and
discharging during peak hours.

In addition, the absorption chiller is a cost-effective choice to invest in to charge
the TES over the compressor chillers. This is due to the availability of free waste
heat, which has given an operational cost advantage for the absorption chillers, even
though they have higher investment costs.

The optimal size of the investment of cooling units has some uncertainties due to
the unavailability of assured data on the electricity price and cooling demand, which
greatly affect the operation of the overall DCS in the future.

Keywords: Cooling Thermal Energy Storage, District Cooling Network, CFD, cost
optimization
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1

Introduction

1.1 Background & Motivation

Mitigating climate change is the major challenge in the world now. A more effi-
cient and sustainable energy system is part of the solution to reduce greenhouse gas
emissions. Space cooling accounts for roughly 20% of the total electricity demand
in the buildings in the world today [9]. The space cooling demand has increased 4%
annually on average since 2000 and increasing trending is expected to continue in
the future [10].

In Sweden, district cooling system was first introduced in 1992 in Vésteras. Cur-
rently, more than 40 urban areas have a district cooling system, with the aim of
offering an efficient, cost effective, reliable and sustainable way to provide energy
[11]. In Gothenburg, the cooling demand is growing alongside with the expansion
of infrastructures and economic development. Moreover, the ambient temperature
is expected to increase in the future due to climate change. With these factors, it is
predicted that the cooling demand will increase significantly from around 40MW in
2020 to around 160 MW in 2040 during peak hours, a fourfold increase. And thus,
the interest of expanding district cooling system is increasing in Gothenburg.

Along with increasing energy demand, intermittency of electricity generation in the
future electric system and the change in energy system paradigm, energy storage
technologies are regarded as an important component contributing to a reliable
and robust system, which can help by reducing the peak consumption and use the
intermittent energy more efficiently[12]. However, currently there are only a few
district cooling systems in Sweden possessing a thermal storage system and the
benefits of integrating it into the systems are not fully understood. Moreover, there
are still many practical challenges regarding the use of a stratified thermal energy
storage for cooling, including during charging and discharging operation. Therefore,
this thesis is conducted to investigate the operation of future district cooling system
with thermal energy storage in Gothenburg in a cost effective way.

1.2 Aim

The thesis studies the district cooling system in Gothenburg owned by Goéteborg
Energi. The objective is to investigate the optimal operation in the district cool-
ing system with thermal energy storage and to assess the potential system impacts,
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challenges and benefits of having thermal storage system within Gothenburg. In
addition, how different futuristic scenarios with the involvement of this energy stor-
age would impact the economic benefits and the technical boundaries. The master
thesis should produce the following preliminary deliverables:

1. Answering the research questions.

2. A prototype of a model that can capture the behaviour of the thermal energy

storage within the district cooling network.
3. Results of the model in providing system insights.

1.3 Research Questions

The thesis aims at answering the following research questions:

1. Investigating how the charging and discharging will occur to and from the dis-
trict cooling network using water as a medium and what are the sequence of
operation by lowering the temperature of water below 4 °C in thermal energy
storage?

2. What would be the optimal lowest temperature for the thermal energy storage
operation?

3. What are the advantages and disadvantages of using low temperature water
thermal energy storage in comparison with other type of thermal energy stor-
ages?

4. What is the optimal control of the thermocline in the storage tank?

5. What are the advantages and disadvantages of investing in thermal energy
storage within the district cooling system taking into consideration the impact
in the district cooling network, the production plant, the customer usage and
the energy prices.

1.4 Specific Tasks

A preliminary technical background review and literature review will be done to
deepen the knowledge of district cooling system and network, cooling technology
and cooling thermal storage technology. A further look at the district cooling sys-
tem in the context of Gothenburg thus can be conducted to understand the future
application of thermal storage tank and development of network. Thus, a research
focus can be obtained accordingly. Based on the information obtained, a compu-
tational fluid dynamics model can be thus done by using Workbench Ansys Fluent
to investigate the future operation scenarios of thermal storage tank. After the
operation of thermal storage tank is fulled understood, a investment model can be
done by using linear programming problem solver via Python. The optimal size of
the new thermal storage tank and chiller can be found with the feedback from the
CFD model. The operation of the new system can also be investigated and system
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insight can be given. A sensitivity analysis will be conducted to study the impacts
of important parameters to the system. A overall analysis and discussion will be
done subsequently.

s ™
Technical E_Igt.kround Literature Review CFD Modelling Optimize_ltion Analyse Results
Review Modelling
AN A

e

Sensitivity Analysis

| —

Figure 1.1: Schematic of Research tasks

1.4.1 Modelling of Cooling Thermal Storage Tank

The temperature gradient and thermocline phenomenon inside the thermal storage
tank will be studied by:
o Construct a thermal storage tank in the Ansys fluent Software
o Design charging and discharging scenarios at different loading temperatures
o Simulate different scenarios

1.4.2 Modelling of Cooling Energy Dispatch

This part will develop an investment model for thermal energy storage tank and the
new chiller. An energy dispatch model will be done to assess the optimal operation
of the district cooling system. This will be accomplished by:

o Determining the objective function, constant, variables and parameters of the

system

o Formulate linear equations of the system

e Program the equations in Python

e Run the program and simulate different scenarios

1.5 Scope and Boundaries

The scope includes the study of district cooling system in Gothenburg, operated
by Goteborg Energi. The data used in this study will be obtained from Goteborg
Energi and external sources. The main aim of the computational fluid dynamics
model and the energy dispatch modelling is to simulate the operation of district
cooling network of future scenario in 2040.

1.6 Limitations and Delimitations

The network configuration affecting the distribution of chilled water can be sig-
nificant. However, in this thesis, the network effects will be neglected to reduce
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complexity. It is assumed that all the pipelines in the network have enough capacity
to provide cooling services needed.

The energy prices of heat and electricity in the future are uncertain and it can affect
the results of the model significantly. The electricity prices data are assumed in the

thesis.

The investment cost in the optimization model will be considered as SEK/MW,
which the cost is assumed to be linearly proportional to capacity installed.

The constraints for ramping up and ramping down of the cooling units are neglected.
Therefore, the operation of cooling units is not affected by the previous hour.

The operation between the district cooling system and district heating system are

decoupled. Therefore, the effects of district heating system on the district cooling
system is neglected.

1.7 Thesis Outline

The thesis consists of six chapters, including the introduction. These chapters are
summarized below:

Technical Background: This chapter describes the background knowledge of dis-
trict cooling system and in the context of Gothenburg.

Literature Review: This chapter reviews literature about the technical issues for
designing thermal storage tanks and methods for modelling energy systems.

Methodology: This chapter describes the methodology of conducting the study.

Results: This chapter illustrates the results obtained from both computational fluid
dynamics modelling, and cost optimization model.

Discussion: This chapter raises up the discussion based on the results obtained
from the study.

Conclusion: This chapter emphasizes the main conclusions of the study and the
future work.



2

Technical Background

This chapter embodies the research and literature review of district cooling system
and its associated technologies. Section 2.1 will illustrate the concept and funda-
mentals of district cooling system, including its benefits and motivation. Section
2.2 and 2.3 describe cooling and thermal energy storage technologies in the existing
district cooling system respectively. Section 2.4 will look into the existing district
cooling system managed by Goéteborg Energi. Section 2.5 will look into the future
development of district cooling system in Gothenburg.

2.1 District Cooling System

District cooling system is a central cooling production system with distribution net-
work to provide cooling services to the end users. The main component in the
system includes a district cooling plant, a chilled water distribution network and a
heat exchange substation and the connected buildings[1]. Cooling energy is produced
centrally in the plant. And the cooled medium such as chilled water is delivered
through the distribution networks to the end users by a direct heat exchange with
the cooling load or a secondary heat exchange and further to the load. The benefits
of DCS are the capability to provide cooling services in a more efficient, reliable
and environmentally friendly way compared to using individual chillers. There are
also additional benefits of reducing noise pollution, improving city skyline, improv-
ing space utilization etc...[13]. A combination of cooling technologies in the central
plant are usually operated to attain optimal operation. High investment cost and
low operating cost are the characteristics of DCS. Installation of chilling plants
and distribution networks are major investments for DCS. Low operating cost can
be achieved by utilizing available cheap resources nearby such as river cooling and
waste heat from industries. Due to its high investment cost of distribution network,
it is only economically beneficial to provide energy in areas with high energy de-
mand, where the cooling density is high enough to level its high investment cost due
to economic of scale[1]. Thermal energy storage is an additional component for DCS.
It stores cooling energy during the off-peak hours and provides energy during peak
hours or when the energy cost is high. It can help reduce amplitude and duration of
peak loads and increase the value of energy during off-peak hours, stabilizing energy
cost. It can also reduce the number of chillers needed to be stored for fulfilling peak
demand, which can lower investment cost. TES can also be used as an emergency
cooling source if there is any failure in the system, which can supply cooling services
for short duration.
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Figure 2.1: Schematic of District Cooling System

2.2 Cooling Technologies
This part describes cooling technologies used in district cooling system.

1. Centrifugal Liquid Compressor Chiller

Centrifugal compressor chiller is a common type of chiller used in district cool-
ing system with a coefficient of performance of above 7. It makes use of vapor
compression cycle and is common to use R-123 or R-134a as the refrigerant.
The main components are condenser, compressor, throttle and evaporator.
Heat exchange is done between the evaporator and the chiller water side,
which provide cooling services. The refrigerant then is compressed to high
pressure level and passes through the condenser to reject heat. Cooling tower
is usually used for heat rejection to the ambient environment. The refrigerant
passes through the expansion valve and the cycle repeats[14].

2. Absorption Chiller
The major components of an absorption chiller contain an evaporator, a con-
denser and an expansion valve, similar to a conventional compressor. But
instead of having a compressor in compressor chiller, it is replaced by a gen-
erator and an absorber. Two different fluids are utilized in an absorption
chiller, namely the absorbent and the refrigerant. The absorbent, which is
usually lithium bromide or ammonia, is circulated between the generator and
the absorber. The refrigerant, which is usually water, is circulated between
condenser, evaporator and expansion valve, generator and absorber. The main
characteristic of this chiller is the utilization of heat as the main driving force
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for the cooling process instead of electricity. Low grade heat can be used as
an input to drive the chiller such as waste heat from industry. Condenser and
generator are in the high-pressure zone, whereas evaporator and absorber are
in the low-pressure zone. Generator takes waste heat from the industry to heat
up the absorbent in high pressure environment. Water is then evaporated as
vapor and the absorbent becomes more concentrated. The water vapor then
goes to the condenser for condensation to reject heat to the environment. The
concentrated absorbent is transferred to the absorber through the throttle to
the absorber. The absorbent in the absorber absorbs water vapor from the
evaporator and dilute the solution. Then, the absorbent is pumped to the
generator through a small pump. The cycle repeats.

There are three types of absorption chillers, namely single-effect absorption
chillers, double-effect absorption chillers and direct-fired absorption chillers.
Single-effect chillers and double-effect chillers have similar composition, but
the double-effect chillers have one more generator and heat exchanger to re-
cover the heat from the condenser, so that less heating demand is needed.
Therefore, it is more efficient than the single-effect chillers. Direct-fired chiller
is similar to single-effect chillers. But instead of using hot water, heat is
provided to generator by a direct gas flame. Thus, the temperature in the
generator is much higher and allows better refrigerating effect in the evapo-
rator. But on the other hand, it can be more costly due to the use of higher
grade heat.

. Free Cooling
There are two kinds of free cooling sources that can be used in the system,
including cooling from natural water resources and from cooling towers.

(a) From lake, sea water or river: If the natural water resource is cold enough
to use for cooling and the resource is accessible by the district cooling
plant, free cooling energy can be harnessed to offer low-cost and sustain-
able energy. Free cooling is used for pre-cooling and is complemented
with additional chillers to fulfill the cooling requirement when the water
temperature is not low enough in warmer seasons.

(b) By cooling tower: Cooling towers that connected to the cooling system
during normal operation can be utilized to provide free cooling at time
when the ambient air is cold and dry. During operation, the chiller is
shut down and is isolated from the cooling tower. The cold ambient
air enters the cooling tower and cools down inlet hot water. A heat
exchanger is connected between the primary side of the cooling tower
and the secondary side where cooling energy is distributed to the load.
However, the utilization of this type of cooling largely depends on the
difference between the ambient wet bulb temperature and the loading
temperature.[15]
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2.3 Cooling Thermal Energy Storage

2.3.1 Overview

Thermal energy storage can be used in different applications, from the individual
process, building, multiuser-building, district, town, or region, it permits excess
thermal energy to be stored and then later to be utilised even by hours, days, or
months. It helps in creating a balance for the energy demand usage between day and
night, or for Seasonal thermal energy storage (storing winter cold for summer cool-
ing, or summer heat for winter heating). Several applications and technologies are
used to store this energy such as water or ice tanks, boreholes with heat exchangers
with an access to masses of native earth or bedrock, deep aquifers contained between
impermeable strata; shallow, lined pits filled with gravel and water and insulated at
the top, mixture solutions or phase change materials (PCM) [16].

For district cooling TES application, the norm is usually to go with the decision of
choosing an insulated tank of water that can store the energy for a certain period
of time in a form of cooled or frozen medium, usually the cooling/ freezing of the
medium in the storage happens at night and weekends when low cooling demand is
need by the DCS (off-peak hours), and then the stored medium warmed or melted
during the daytime releasing the stored energy when high cooling demand is required
by the DCS (on-peak hours). The main reason to use the TES technology is to reduce
the number of the used chillers or use smaller chillers capacity to operate during the
on-peak hours. Where some of the chillers which are unrequired during the off-peak
hours will remain operating during the off-peak hours to recharge the TES with
cooled or frozen medium [3].

2.3.2 Why TES

Several advantages and benefits drive the use of TES in the DCS, some are direct
and others indirect advantages, taking into account that the type of TES plays a
role in which the benefits can be given for the DCS.

The primary benefits are multifaceted. Firstly, it can reduce the operating cost by
lowering peak electric power demand by shifting the cooling demand from on-peak
hours to off-peak hours, which means reducing the running cost of using high, on-
peak-hour electricity costs, and instead, using more of the low, off-peak-hour cost.
Secondly, reducing or avoiding the investment of cooling production units (chillers),
which will reduce the production plant’s capacity, will slightly increase the net cap-
ital cost.

Additionally, it has a fast pay-back time and even an immediate net-investment cost
for installing chilled water (CWH) or low temperature fluid (LTF) TES versus not
using the TES option within the DCS. Thirdly, in some cases, the TES investment
can be further reduced if electricity providers offer an incentive scheme for reducing
the peak electricity demand in the system [17].
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In addition to the primary benefits, there is a potential for other benefits of hav-
ing the TES with DCS which might depend on the situation of the DCS and the
storage type. Such as firstly, TES can provide support for flattening and balancing
the profile of the electricity and the thermal demand, which can lead to a further
possibility of economically deploying the CHP within the energy system (improving
the fuel consumption and the system energy efficiency). Secondly, considering the
use of the electricity demand at off-peak hours to charge the TES will reduce the
electrical energy consumption, which leads to less use of fuel energy sources and
eventually reduces emissions. Thirdly, it provides flexibility to do maintenance for
the chiller plants during daytime hours and it can work as emergency standby cool-
ing if standby cooling is required.

Moreover, the advantage of having CHW and LTF TES is that can be located
independently from the production plant while still connected to the distribution
network, and ice and LF'T TES tanks have the advantage of reducing the investment
cost of piping and the equipment, and the cost of energy and pumping through using
low-temperature supply. Moreover, the LTF TES uses the aqueous fluid which can
protect the system from corrosion and microbiological activity [17].

2.3.3 TES Types

Several TES technologies are available today, each one has different characteristics.
Firstly, Latent TES such as ice TES is used when changing of phase between solid
and liquid states and is considered to store and release thermal energy.

The benefits of ice TES that it is compact, the technology available, and it can be
used to provide low CHW supply temperature which can reduce the capital and the
operation cost, from the other side the drawbacks are that it requires the chillers
to operate at low temperatures and it consumes high energy per unit. Secondly,
sensible TES such as CHW TES and LTF TES, where both use the change in tem-
perature of the medium to store and release the thermal energy.

The benefit of using the sensible TES is the lower capital cost compared to ice stor-
age and only-chiller plants, sensible TES are simpler to control, operate, and even
use to retrofit the only-chillers plant[2].

Figure 2.2 represents different classification methods for TES, in this and the next
chapters, we will discuss the TES classification based on the storage medium (Sen-
sible or latent) and specifically the CHW TES, LET TES, and the ice TES.
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Figure 2.2: Classification of Thermal Energy Storage System [2]
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Table 2.1 present summarize the main characteristics of different types of DC TES.

Table 2.1: DC TES main characteristics|7]

‘ Ice TES

[ CHW TES

LTF TES

Chiller type

Note 1

Standard water

Standard water
(slightly cooler refrig-
eration plant)

Cooling is stored as

Latent heat (Change
in phase)

Sensible heat (change
in temp)

Sensible heat (change
in temp)

Typical TES specific
volume

0.08 to 0.11 m3/ton-h

0.3 to 0.5 m3/ton-h

0.2 to 0.3 m3/ton-h

Discharge temp from
TES

(1°C to 2°C)

(0°C to 2°C) above
charging temperature

(1I°C to 2°C) above
charging temperature

Charge temp to TES

(10°C to —4°C)

(4°C to 7°C)

(-2 C to +2°C)

Recharge chiller plant
power ( electricity in/
thermal out)

0.8 to 1.1 KW /ton

0.6 to 0.7 KW /ton

0.7 to 0.8 KW /ton

Discharge fluid

Note 2

Water

LTF

Notel: Ice Harvester uses prepackaged of built-up ice making equipment, and
external melt, internal melt and encapsulated ice use low-temperature refrigeration

plant.

Note 2: Ice harvester and external melt ice use water, and internal melt and
encapsulated ice use secondary coolant. Note3: Ton-h refer to ton per cooling

(defined as delivering 12,000 BTU /hour of cooling)[7].

2.3.4 Comparing different types of thermal energy storages

(A) Ice TES

The energy in Ice TES is stored as latent heat, changing the phase of water
between solid and liquid, where during off-peak hours the ice is formed to be
melted later on when needed during the on-peak hours. The TES recharges
with a range of -8°C to -2°C, with a possibility to discharge and supply at
a temperature between 1°C to 7°C as needed. The ice TES is very compact
and has a low specific volume compared to other types of TES with a specific
volume between 0.08 to 0.11 m3/ton-h. It is also worth mentioning that even
though the ice storage is more compact due to the use of ice water as a medium
and requires less space, but still it has a less economy-of-scale advantage com-
pared with the other types of TES.

There are several available technologies for Ice TES such as ice-on-coil, encap-
sulated ice, ice harvesters, and ice slurry. They differentiate by the installation
and operation point of view [3].

When it comes to operation of the most common type of ICE TES, ice-on-coil
technology, the principle is to use the heat transfer between a tank filled with
water and water-glycol or refrigerant running inside coils submerged inside
the tank. One of two methods even an internal or external melt ice-on-coil

11
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system, where either the warm fluid is the water in the tank or the water-
glycol /refrigerant is used to melt the formed ice, can do discharging the tank.
Talking more in detail about the external system, charging the tank happens
at night when ice is formed on the exterior surface of the pipes, the glycol-
water temperature starts making the ice at —4.4 to —3.3 °C and then it lowered
to —9.4 to —7.2 °C to manage the thermal resistance of the formed ice layer.
During the day, the water will discharge from the tank and warmer water will
be returned to the tank, and due to the warm return temperature, the ice will
start melting. At the same time, the glycol-water chiller will be in operation,
and the supply temperature of the chillers will be warmer than the discharge
from the tank, then the mixed temperature will head to the heat exchanger
to supply the desired temperature for the system/[3].

CHW TES

The energy in CHW TES is stored as sensible heat by changing the tempera-
ture of the medium in the storage (usual water). During off-peak hours, the
tank is charged with cold water, and later is discharged during on-peak hours.
The TES recharges with a range of 4°C to 6°C, with the possibility to discharge
and supply water with the temperature again between the same temperature
of 4°C to 6°C as needed. The CHW TES is less compact and has a higher
specific volume compared to other types of TES (Ice and LTF TES) with a
specific volume between 0.3 to 0.5 m3/ton-h. The height of CHW TES can
reach from 30 to 46 meters. The higher the tank the less footprint is required.
It is also worth mentioning that CHW TES is beneficial when it comes to
economy-of-scale compared to the other types of TES [3].

When it comes to operation of the CHW TES. CHW TES work on the strati-
fication principle where the return water from DCS to the tank is warmer than
the water temperature discharged from the tank and as its density is less it will
be floating on the top of the tank. The cooler water in the tank has a higher
density and remains in the bottom, to ensure these internal flow diffusers are
used, the cooler water will be supplied at low velocity from the lowest point
of the tank to the DCS, the supply occurs at 4.0°C where the pure water has
it highest density [3].

LTF TES

Similar to the CHW TES, the energy in LTF TES is stored as sensible heat by
changing the temperature of the medium in the storage. During off-peak hours
the tank is charged with cold water and is discharged during on-peak hours.
The TES recharges with a range of -1°C to 2°C, with a possibility to discharge
and supply the temperature again between the same temperature -1°C to 2°C
as needed (below 4°C). The CHW TES is less compact and has a higher spe-
cific volume compared with Ice TES with a specific volume between 0.2 to 0.3
m3/ton-h. Similar to CHW TES, taller tanks are used so area footprint can
be minimized. Where LF'T TES has better economy-of-scale compared to Ice
TES but less benefit compared to the CHW TES [3].
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When it comes to operation of the LTF TES. Similar to the CHW TES, the
LTF works on the stratification principle but uses lower supply and discharge
temperatures from the tank. To make sure this is applicable, as the water’s
highest density occurs at 4.0°C, the water is mixed with various admixtures/
additives to achieve a lower temperature than 4°C while ensuring the coldest
fluid remains in the bottom [3].

In conclusion, each TES technology has some limitations and advantages
compared to each other. These limitations and advantages can be general-
ized. However, when selecting a specific TES technology, these generalizations
should be reviewed with attention and caution about where they will be con-
sidered. Table 2.2 presents a generalized comparison between different cooling
TES technologies.Noting that in Case of Gothenburg DCS, several factors
were in the advantage for selecting CHW TES such as the economic aspect of
large scale of TES, energy efficiency, ease retrofit of the DCS, simplicity and
reliability, and the possibility to install the TES remotely from the existing
chillers.

Table 2.2: Generalized comparison between different cooling TES technologies [8]

ICE TES | CHW TES | LTF TES
Unit volume (volume/ton-h) Good Poor Fair
Footprint (plan area/ton-h) Good Fair Good
Modularity Excellent Poor Good
Economy-of-scale Poor Excellent Good
Energy efficiency Fair Excellent Good
Low temperature capability Good Poor Excellent
Ease of retrofit Fair Excellent Good
Rapid discharge capability Fair Good Good
Simplicity and reliability Fair Excellent Good
Site remotely from chillers Poor Excellent | Excellent
Dual-use as fire protection Poor Excellent Poor
Storage material cost Low Low High

CHW TES uses standard water chillers with a supply temperature between 4
and 7°C, the same water chillers technology can be used for LF'T TES but with
lower supply temperatures of -2 and 2°C. Ice storage (external-melt) may use
packaged chillers to cool a secondary medium for the ice forming temperature
or may have a built-up refrigeration plant. The volume for the CHW TES
varies depending on the temperature difference range between the supply and
the return temperature and it can be between 0.088 to 0.169 m3/kWh. The
volume of ice storage also varies between 0.013 to 0.027 m3/kWh depending

13
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on the technology used. LFT TES has a better economy-of-scale compared to
Ice TES but less benefit compared to the CHW TES. The CHW TES can be
beneficial when it comes to economy-of-scale compared to the other types of
TES. Ice storage can slightly benefit when it comes to economy-of-scale even
though its benefits from the change of the medium phase [3].

The vertical cylinder is the preferred tank shape for CHW TES. A cylindrical
tank has a lower surface-to-volume ratio than a rectangular tank of the same
volume, more evenly distributes stresses, and has a lower likelihood of leakage.

This helps to have less insulation to meet design objectives for ambient heat
gain, and thus costs less to build each ton-hour (kWh t) of stored cooling.
Tanks that are square or rectangular are easier to integrate into building de-
signs. However, when it comes to the heat gain, these tanks are not ideal,
but if the tank is integrated into the building structure, this disadvantage may
be mitigated by lower construction costs. When it comes to spherical tanks,
have the smallest surface-to-volume ratio, however, they don’t stratify prop-
erly and aren’t recommended. Also, the horizontal cylindrical tanks are not
suggested for stratified chilled-water storage. On the other side, the Ice TES
can be designed in different shapes without impacting the performance such
as in rectangular or spherical, cylindrical shape [3].
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2.4 District Cooling System in Gothenburg

Goteborg Energi is the sole district cooling supplier in Gothenburg. The existing
system has eight cooling plants located around the city centre and a distribution
network connecting between the plants and the end users with total distance of
around 30 km. Currently a total cooling capacity of 75.9 MW is installed. The
location of the cooling plants and the network layout are shown in Figure 2.3 below.

The capacity of cooling units are shown in table 4.2.

r{}) Gullbergsvass
Lindholmen.
{ieres

@ Svenska Massan

-\

Rosenlund

Sahlgrenska X

Figure 2.3: District Cooling System in Gothenburg 2021

Table 2.3: Capacity of cooling units

Location Total Capacity (MW) | Absorption Chiller(MW) | Compressor(MW)
Rosenlund 32 22 10
Gullbergsvass 11.15 3 8.15
Arkaden 4.75 1.1 3.65
Odin 4.65 2 2.65
Ceres 1.87 1.2 0.67
Svenska Massan 4.65 3.4 1.25
Sahlgrenska 3.06 0 3.06
Lindholmen 15.55 3 12.55

The distribution network is scaled for a temperature difference of 10 °C between the
feeding and return flow of chilled water temperature. Typically, the feeding water

15
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temperature from the chilling plants is between 4 °C to 6 °C, and the return tem-
perature is around 13 °C. The pressure difference at the customer’s control valve
is between 100 to 600 kPa. The connections between the district cooling networks
and the end users are indirect, which means there are heat exchangers in between to
separate the district cooling system side and the end users’ load side. The cooling
plants produce energy in three ways, which are free cooling from river, absorption
chillers and compressor chillers. The plants harness cheap and sustainable energy
from the river and waste heat from the industries. The plant in Rosenlund is lo-
cated next to the river Gota dlv where the water temperature varies between 0.5
to 22 °C throughout the year. In winter time, when the sea water is below 5 °C,
free cooling is available to fulfill all the cooling demand needed, as shown in figure
2.4 below. In summer time, pre-cooling by river water is also done before further
cooling by chillers, which correspond to the period from April to June and from
September and November in figure 2.4 below. Absorption chillers utilize waste heat
from industries, which otherwise needed to be rejected, as an input for providing
cooling energy. It is available in summer time when the district heating demand is
low. Therefore, absorption chillers are running only in the summer time as shown
in figure 2.4 below. This is a more cost-effective and energy-efficient option with
lower carbon emission compared with conventional air conditioning. Compressor
chiller is mainly used during high-demand hours to fulfill the peak demand due
to its high operating cost which depends on the electricity prices. They mainly op-
erate in summer time when the cooling demand is high, as shown in figure 2.4 below.

' Compressor —
1 Absorption

Free Cooling
A

Energy (GWh)

Free cooling

Fed Mar Apr L2]]

Month

Figure 2.4: Distribution of Cooling Technologies” Usage.

The main customers in Gothenburg are offices, malls, hotels, data centres and hos-
pitals, mainly for space cooling. Currently, as the main cooling application is space
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cooling, the cooling demand is closely related to the outdoor ambient temperature.
A higher outdoor temperature induces higher cooling demand. Figure 2.5 and 2.6
show the outdoor temperature and cooling demand in Gothenburg throughout the
whole year of 2020. The outdoor temperature and cooling demand generally varies
accordingly. It can be seen that the total cooling demand is generally below 10MW
when the outdoor temperature is below 15 °C. When the temperature is above 15
°C, the cooling demand increase significantly. In 2020, there are some hours that the
outdoor temperature reached almost 30 °C and cooling demand was almost 57TMW,
which is multiple times of the normal cooling demand. Figure 2.7 shows the cooling
demand in the first week of August in 2020. The variation of cooling demand follows
the change in outdoor temperatures in similar manner.

Outdoor Temperature in 2020

35

Outdoor Temperature(®C)

Time (hours)

Figure 2.5: Outdoor Temperature in 2020 Gothenburg, Sweden
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Cooling Demand in 2020
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Figure 2.6: Cooling Demand in 2020 Gothenburg, Sweden

Cooling Demand 1st - 7th Aug 2020
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Figure 2.7: Cooling Demand from 1st-7th August in 2020 Gothenburg, Sweden
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2.5 Future Development of District Cooling Sys-
tem in Gothenburg

The peak cooling demand is expected to reach 160MW in 2040 due to the expansion
of commercial and industrial infrastructures and the expected increase in ambient
temperature. Five more chilling plants are expected to be built from 2024-2032 to
reach a total capacity of 131 MW.

There is also a plan to construct a thermal storage tank in 2028 to improve the op-
eration and decrease the operational cost. The volume of the tank will be between
22000-33000 m® and power rating between 30-40MW, with a loading temperature
between 1-7°C. The tank will be built next to Sparvagnsdepan and the tank will
be charged mainly by that chiller during off-peak hours. The expected installed
capacity is around 171IMW.

As mentioned before, the current peak demand is mainly met by compressor, which
has a high operating cost due to the high price of electricity during peak hours.
Therefore, the aim of the storage tank is to replace the need of compressors during
these hours and shift the load from peak hours to off peak hours by the storage
capacity. So that less chillers are needed to be installed while they are just running
a few hours of a day, and it can also lower operational cost by purchasing electricity
at lower price.

Moreover, except the new chiller in Sparvagnsdepan, there is a plan to replace all
existing absorption chillers to compressor chillers in the future. This is because
if multiple absorption chillers are used in district cooling system, the return tem-
perature from the absorption chillers to the district heating system will not be low
enough and the desire temperature in the district heating system cannot be achieved.
This will adversely affect the district heating system because of more distribution
pump work and less efficient energy recovery for the condensation process in the cen-
tral heating plant. The efficiency in the district heating system thus will be lower.
Therefore, in year 2040, it is expected that there will be at least 116MW of com-
pressor chillers installed. The following table 2.4 illustrates the expected capacities
of cooling plants in year 2040.
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Table 2.4: Capacity of cooling units

20

Total Capacity (MW)

Location
Skeppsbron 20
Gullbergsvass 11.2
Gasklockan 30
Odin 4.7
Ceres 5.6
Medicinareberget 10
Almedal 11
Sparvagnsdepan 15
Lindholmen 15.6
Nya Massan 5)
Sahlgrenska 3
Thermal Storage Tank 40
Total \ 171.1
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Literature Review

This section reviews the literature about technical issues in a cold-water TES tank
and the important aspects when designing a cooling thermal storage tank, includ-
ing thermocline layer development and mixing phenomenon during charging and
discharging of water, and the loading temperature of the tank. It is followed by
looking at the modelling method about optimization of investment in the energy
system.

3.1 Thermocline in Stratified Cooling TES

By producing and maintaining a thermocline between the warm upper zone and the
cold bottom zone, the stratified storage tanks will achieve the required essential sep-
aration between cold and warm water, where the cold water below the thermocline
is separated from the warm water above by a stable, well-defined thermocline layer.
At different temperatures, the density of the stored medium also changes, where the
temperature and density of the medium play a role in deciding the bottom and the
upper zone of the thermocline layer.

During the charging cycle, chilled water from the cooling equipment enters the tank
from the bottom diffusers and warm water escapes through the top diffusers. The
thermocline rises as the volume of chilled water increases and warm water is dis-
placed with colder water. The overall amount of water in the tank does not change.
During discharge, the water flow is reversed and the mechanism is reversed by pulling
the chilled supply water from the tank’s bottom and sending warm return water to
the tank’s top. The flow into and out of the tank is distributed using a diffuser.
Water flows smoothly into the tank with a well-designed diffuser, limiting turbu-
lence and leaving the thermocline undisturbed. The greater temperature difference
between the warm return and cold supply water from the storage increases the stor-
age capacity of the stratified tank and the density difference, making stratification
much easier.

The thermocline layer gets thickened due to the conduction of heat via the thermo-
cline through and along the tank’s walls. As a result, the volume of usable chilled
water decreases as the thermocline degrades. If a charged storage tank is left inac-
tive, the thermocline will eventually deteriorate over time to the point where all of
the water in the tank is no longer useful, requiring the tank to be refilled with cold
water. Depending on the design of the diffuser and the thermocline aging time, the
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thickness of the thermocline varies [3].

Figure 3.1 demonstrates the thermocline layer to separate the discharge water at
4°C from the charging water at 14°C (typical DC CHW TES), in a temperature
versus height profile.
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Figure 3.1: Typical stratification temperature profile [3]

When correctly constructed diffusers are utilized, the thermocline thickness will be
independent of tank dimensions. By increasing the height-to-diameter ratio of the
storage cylindrical tank, the portion that the thermocline occupied from the tank
volume will also reduce. As a result, the thermocline has less of an impact on total
usable capacity with a taller tank. In addition, if the diffuser system is constructed
with a higher inlet Reynolds number such as because of space constraints within
the tank as a reason. The effect of this method is usually a thicker thermocline and
thus less usable volume within the tank [3].

In case the discharge rate happened at a high velocity, this will lead to creating a
thicker thermocline layer and increase the percentage of the unused volume inside
the storage tank [18]. Therefore, the velocity of the flow in the dis/charge distri-
cution pipes from/to TES should not exceed 0.3 m/s in order to not interrupt or
degrade the thermocline layer and keep it thin as possible to create a separation
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between the cold and hot fluid [7].

Mentioning the above, it is important to indicate the impacting parameters in a
thermocline TES system and serve them as the design variables that can be tweaked
to optimize and enhance the performance of the TES system. These parameters can
be divided into categories as follows [18]:
e The conditions of operation such as the flow rate, heat transfer fluid media,
the cycle of operation, the operational temperature, and cut-off temperature.
« The tank geometry such as the flow inlet/outlet dimension and location, flow
distributor characteristics, tank height to the diameter aspect ratio, tank form,
and insulation.
o The packing conditions; the packed media and packing configuration.
The most influential factor on the level of thermal stratification and the perfor-
mance of thermocline TES systems is first, the flow rate, which the tank geometry
and temperature differential play a big role in determining the best flow rate value.
Secondly, the working temperature for the dis/charge of the storage, including the
cut-off, the operational, and the initial thermal condition for the storage. Thirdly,
the inlet /outlet location which is recommended to be placed near the storage tank’s
upper and lower wall, and lastly the type of the flow distributor used can be catego-
rized into three types based on their major functions: multi-branch, inversed flux,
and radial flux [4]. Figure 3.2 represents the thermal performance parameters that
need to be taken into consideration to achieve the optimum operation of the TES.

Tank Form
Insulation

Cycle operation

*  Velocity * Inlet/ Outlet Location
* Heat Transfer Fluid * Flow distributor characteristics
* Temperature * Height/Diameter Aspect Ratio

Operational Geometrical
Conditions Conditions

Th al
Perfi nce

Packing
Condition

* Packing Media
* Packing Configuration

Figure 3.2: TES parameters for optimum thermal performance [4]

(A) Thermocline TES system performance indicators
TES performance can be assessed and evaluated even by using the graphical
methods (non/dimensional) or by using numerical calculations. Figure 3.3
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presents the common performance indicators used to assess the thermocline
TES tank, followed by brief summarizing for each performance indicator.

Exergy/ entropy efficiency

Tail factor

Dimensional

Methods to characterize .
— Mix Number
TES system performance

Dis/Charging and Overall
ol Numerical Calculations

Temperature gradient and
thermocline thickness

— Graphical Method

Energy Efficiency

Stratification Number

Capacity ratio

— Richardson number

Péclet number

— Froude number

— Reynolds number

Figure 3.3: Common performance indicators used to assess the thermocline TES
tank [5]

(B) Charging and Discharging Efficiency and Overall Energy Efficiency
The quantity of stored thermal energy can be expressed using indicators that
follow the first law of energy conservation, where charging efficiency (Eff.ch) is
the ratio of net stored energy to the integral of full incoming energy, whereas
the discharging efficiency (Eff.dis) is the ratio of net extracted energy to the
integral of initially stored energy. The ratio of the net difference between input
and output to the total input energy can be found, knowing the inlet and out-
let temperature of the heat transfer medium, which is functionally dependent
on time. The effectiveness of the cycle of operation can be expressed by the
overall efficiency [5].

By selecting the right cut-off temperature at the end of charging and discharg-

ing, it will ensure achieving large storage capacity while avoiding overheating/
sub-cooling of the heat transfer medium.
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1i.

1ii.

v.

vi.

vii.

. Capacity ratio

Same as the overall energy efficiency, the capacity ratio depends on the first
law of the energy conservation and it presents the ratio between the difference
of the energy in and out to the maximum theoretical energy that can be stored
inside the storage [5].

Exergy/ entropy efficiency

The indicator of exergy and entropy efficiency follows both the first and the
second law of energy conservation and it is used to determine how much us-
able work is transported and extracted during the process when the energy
is released. In another word, it formulates the ratio of the actual exergy to
the amount of exergy from a 100% stratified tank, as presented by Shah and
Furbo [19].

Tail factor

It represents the amount left from full charge and stores the energy in the
tank, and it varies between 0 and 1. This factor is independent of the opera-
tion conditions, the heat transfer medium thermal properties, and the storage
geometry[18].

Temperature gradient and Thermocline thickness

One of the most frequent methods of evaluating thermocline/ stratification be-
havior is to plot the change of the temperature gradient against time or height.
However, monitoring the temperature gradients is not suitable to compare the
thermal performance between different TES [20]. And it is more appropriate
to estimate the thermocline surface or volume due to temperature gradient
using 2D or 3D CFD simulation.

On the other side, the thermocline thickness is a suitable to use as an indicator
in situations when the formation of the thermocline is regular and the evolu-
tion of thermocline is stable, this can be seen in packed-bed TES, in the con-
tracts the use of this indicator is unsuitable for single-medium thermocline[18].

. Mix Number

It focuses on the deteriorated energy that occurs in real-time during the mix-
ing process. The value is between 0 and 1, which the smaller the value means
the better stratification and weaker mixing inside the tank[21].

Stratification Number

The stratification number is used to assess the stratification decay gradients
against the height of the tank; it describes the ratio between the mean temper-
ature decay for each radial position at each time interval and the temperature
decay at the beginning of the charging process[22].

Richardson number
It is the ratio of buoyancy force to mixing force, which is affected by the length
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of the storage tank and the velocity of the fluid under a certain temperature
difference and flow rate. A larger Richardson number means a higher strati-

fication level and this can be achieved by ensuring lower inlet velocity of the
fluid[23] [24].

Péclet number

It is the ratio of the convective to the diffusive transport rates, which is af-
fected by the tank diameter, flow velocity, and the thermal diffusion factor.
This indicator value can relate directly to the thermocline thickness[4].

Froude number

This indicator is to reflect the ratio of the inertial to buoyancy forces, for the
diffuser or inlet design in the tank. The recommended value for the Froude
number is to be smaller than 2[4].

. Tail factor

This indicator represents the ratio of inertial to viscous forces. This factor is
issued to determine if the flow is laminar (with a low Reynolds number) or
turbulent (with a high Reynolds number)[25].

Thermocline monitoring and measure

In stratified storage tanks, a vertical row of temperature sensors to be bun-
dled and hung from roof plugs, or use sensors attached to individual shells
with extended thermowells, can be used. These measures are used to deter-
mine current storage inventory and thermocline thickness by monitoring the
levels of warm and cold water inside the tank [26].

Thermocline relation with temperature difference inside the TES
Increasing the temperature difference between cold water supply and return
water increases the storage capacity of a certain amount of water. Because
storage costs are based on tank capacity, the cost per kWh decreases as the
temperature differential increases. Furthermore, the higher the temperature
differential, the higher the improvement of the thermocline construction and
maintenance, reducing transfer pump flow and energy consumption [7].

Thermocline relation with TES efficiency

Any loss of usable energy produced by mixing or heat conduction across the
thermocline is not factored into the storage efficiency of chilled water tanks,
and therefore the storage efficiency is not the best measurement of the avail-
ability of cooling in the tank compared with the storage tank figure of merit
(FOM). As the FOM accounts for the real loss of usable stored cooling capacity
due to thermal conduction and blending within the tank due to thermocline
thickness and the temperature differential loss [27].

Thermocline relation with dis/charge from TES
Because of conduction heat gains and water blending inside the tank, stored
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water typically gains 0.5°C in storage during a 24-hour period. Water should
be discharged from the tank at a consistent temperature in the ideal situation.
But in reality, as the thermocline begins to be dragged into the lower diffuser,
the discharge temperature progressively rises during the discharge duration,
increasing more rapidly at the conclusion of the discharge period.

In reality, this steady climb is undetectable unless the charging temperature
varies greatly, resulting in layers within the tank. The quality of stratification
within the tank, which is a direct result of diffuser design and heat transfer
within the tank and through the tank walls, determines the degree of temper-
ature rise during discharge [7].

3.2 Energy Dispatch Modelling of District Cool-
ing System

The modelling of energy dispatch schedule for a energy system was widely inves-
tigated by linear optimization. Moreover, non-linear optimization were also used
in energy system design. Linear programming refers to the problem which both
objective function and constraints are linear functions. Otherwise, it is non-linear
programming [28]. Linear optimization such as mixed integer linear optimization
is suitable for optimization energy with various interaction with energy carriers in
the energy system. Nottrott et al [29] implemented a modelling of energy storage
dispatch schedules for a photovoltaic and battery storage energy system by linear
programming. Marco et al [30] compared 24 mixed-integer linear programming mod-
els with different levels of details of input of various energy systems. It illustrated
that simple linear programming model can estimate the total capacity of investments
fairly accurately. But for individual units, it is challenging to obtain an accurate
result as it depends on details of input and operational constraints. Weber et al [31]
developed a mixed integer linear optimization model to optimization the investment
of district energy system in a ecotown in the United Kingdom.

On the other hand, non-linear programming is used when the non-linear relations
are decisive for obtaining a reasonable results, including the efficiency factors of
combined heat and power plants, pressure and heat losses constraints in district
energy network. Jie et al [32] established a non-linear optimization model for the
district heating network to optimize the operation by accounting the pump work
and heat loss of the heating network, including pipes and heat exchangers. Ommen
et al [33] pointed out that the linearization of heat and electricity relation in both
extraction and back-pressure combined heat and power plant will impose significant
error to the results. However, Accounting part load efficiencies of individual tech-
nology in the model results in extra long computational duration which may not be
appropriate for preliminary planning phase [30]. The comparison of linear and non-
linear programming methods showed that mixed integer programming optimization
is the most appropriate method in terms of accuracy and computing time for energy
system dispatch modelling[33].
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Methodology

4.1 Introduction

The study of future district cooling system in Gothenburg is divided into two parts,
namely the modelling of computational fluid dynamics simulation of the thermal
energy storage tank and the investment modelling of district cooling system. The
first part presents the methodology of CFD modelling of operating scenarios in
the cooling thermal storage tank, and the second part includes the methodology of
energy dispatch modelling of district cooling system in Gothenburg.

4.2 Modelling of Cooling Thermal Energy Stor-
age Tank

The computational fluid dynamics modelling in this section intends to gain an in-
sight into the operation of stratified thermal energy storage tank with low loading
temperature, to understand the three-dimensional transient dynamics of the devel-
opment and stability of thermocline layer and the interface dynamics in the TES.
In order to achieve this, various futuristic operation scenarios of three-dimensional
unsteady simulations are performed. Three-dimensional charging and discharging
scenarios in the thermal energy storage tank is modelled by computational fluid
dynamics software workbench Ansys Fluent. A tank is first constructed with the
design dimensions and geometry. A mesh of the simulation domain is thus defined to
discretize the element so that the solution can be calculated. Boundary conditions,
assumptions and initial condition are be thus given to define the working condition.
Transient conditions are then set for different operational scenarios with respect to
time. The model is then run and and the results are analysed and discussed. Figure
4.1 illustrates the schematic of computational fluid dynamics modelling.
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Design the geometry of the energy storage tank

Y
i y

Generate mesh of simiulation domain

p. A

A 4

Set boundary and initial conditions

Y

{ Set transient conditions }

Y

{ Simulate model }

Figure 4.1: Schematic of CFD Modelling

4.2.1 Tank configuration

The tank is constructed based on the realistic data with simplified configuration to
reduce complexity and computational time. The tank is cylindrical in shape with
two concentric radial type diffusers at the top and the bottom of the tank respec-
tively, as shown in figure 4.2 and 4.3. Practically, the two diffusers are connected to
pipes to the outside. Each diffuser can be used for both charging and discharging
depending on the operation scenarios. They are working concurrently during opera-
tion. When one of them is charging water to the tank, the other is discharging water
from the tank, vice versa. The aim of concurrent operation is to keep the tank filled
up water at all time in a closed loop. This is to keep the pressure inside the system
stable, so that the pressure drop across the system is not affected by the operation
of the tank [34].

The volume of the tank of the model is designed to be 22000 m?, which corresponds
to the volume needed for discharging of chilled water for 7 hours with a power rating
of 40MW, which is approximated according to the practical operation of charging
the tank fully during the night time. The height of the tank was determined by
Goteborg Energi at 65 meters due to practical constraints, with the diameter of
20.76m, which correspond to the height-diameter aspect ratio of 3.13. This aspect
ratio is good for reducing mixing and stratification [35].

The diffusers are radial type which ensure that chilled water enters the tank with
a linear flow of low velocity. This is to minimize disturbance on the stratification
and thermocline development. They are located at the top and bottom of the tank
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concentrically with the tank. The ratio between the cross-section area of the radial
diffuser and the storage tank is at its optimum from 0.0327 to 0.131 [36]. In this
model a value of 0.1 is taken. The cross-section area of the discs are 33.8 m? while
the cross-section area of the tank is 338 m?.

1
«>» @ >

Upper diffuser

Direction of flow

Lower diffuser

«—r >
‘iiﬁ

Figure 4.2: Schematic of Stratified thermal storage tank with radial parallel plate
diffusers

Figure 4.3: Tank Configuration Figure 4.4: Meshing of Tank
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Table 4.1: Dimensions of the tank

Parameter Value
Volume of the tank(m?) 22000
Height of the tank(m) 65

Diameter of the tank(m) 20.76
Diameter of the inlet and outlet pipe(m) 0.75
Diameter of the disc of the diffuser(m) 6.56
Vertical distance between 2 discs of the diffuser(m) | 0.165

4.2.2 Assumptions

ANSYS FLUENT R1 2021 is utilized to solve transient, three-dimensional energy
equations. It implements simple algorithm to solve Navier-Stokes equations for flow
with various densities because of temperature difference. Mesh is created at vertical
cross-section area of the tank to model the change in temperature of water within
the tank during charging and discharging. Gravitational acceleration of 9.81 m/s™2
is included in model. Pressure-based approach is chosen for the simulation as it is
appropriate for low speed and incompressible flow.

A second-order upwind scheme is used for spatial discretization of convective fluxes.
For the transient formulation, a first-order implicit scheme is used for pressure-based
simulation. The time step used for the simulation is set to be 10 seconds with a
maximum iteration of 30 times per each time step. The settings are summarized as
follows:

o State: Transient

o Approach: Pressure-based

o Type of flow: Laminar and incompressible flow

o Insulation: Fully insulated from ambient condition
e Momentum: Second order upwind

e Energy: Second order upwind

e Pressure: Second order

4.2.3 Initial and Boundary Conditions

For simplification, the storage tank’s envelop is assumed to be fully insulated. That
means an adiabatic thermal condition is applied for the tank envelop and the heat
flux is set to be zero. All the inlet planes are assigned with no-slip condition. The
initial tank is filled with water with one single temperature and temperature profile
in the tank is unified.
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4.2.4 Input Data

The design return temperature of water from the district cooling network is 13°C.
The inlet charging temperature of chilled water can be 1°C or 4°C.

Table 4.2: Operating parameters of the tank

Parameter Value
Design Pressure(kPa) 101
Design maximum charging flow rate(m?/h) 3823
Design maximum discharging flow rate(m?/h) 3823
Charging cycle(h) 7
Discharging cycle(h) 7
Hot water temperature(K) 286
Cold water temperature(K) 274 & 277

4.2.5 Governing Equations

Navier-Stokes Equations

The equation of conservation of mass, or continuity equation:

gf +V-(p7)=0 (4.1)

The Momentum Conservation Equation:
A(p )

P ¥ e =Vt ¥ T 0T (4.2)

The Energy Equation:
¢) = =
” Y (et p)T) =V -G T +pf T+Y - (7) (4.3)
where 7 belng deviatoric stress tensor.

7= uVT 4 (VTT) - V- T (4.4)

where ® denotes the tensor product, creating a tensor from the constituent vectors.
A double bar denotes a tensor.

4.2.6 Scenarios

A storage process for TES includes charging, storing and discharging. The tank is
always full of water during all scenarios. During charging process, chilled water is
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charged to the tank by one diffuser while warm water is discharged from the tank
by the same mass flow rate by another diffuser. During discharging process, chilled
water is discharged from the tank by bottom diffuser, and at the same time, return
warmer water is charged to the tank from the top diffuser.

For freshwater, the relation between temperature and the density is not always
negatively related. As shown in figure 4.5 below, the density of water increases with
decreasing temperature from 13 °C until 4 °C and the density peaks at 4 °C. And
the density decreases again from 4 °C down to 0 °C. Theoretically, in order to attain
desired stratification of water layers, for chilled water of temperature lower than 4
°C, it should be stacked on top of water of 4 °C and chilled water of temperature
close to 0 °C should be at the top. However, practically, it is unclear about how
stratification will happen under low-temperature charging and discharging.

10001

1000.0

9099

9998

density of freshwater/kg m—

999.7

1 | 1 | | 1 | | 1
gggﬁu 1 2 3 4 5 &6 T 8 9 10

temperature/*C

Figure 4.5: Freshwater density against temperature. Adapted from [37]

Therefore, in order to study low loading temperature scenarios down to 1 °C, dif-
ferent charging strategies are implemented with different charging and discharging
sequences. Two operating scenarios, which are based on future operating scenarios,
are modelled in this part, as shown in the following figures 4.6 and 4.7.
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Figure 4.6: Modelling Scenario A.
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Figure 4.7: Modelling Scenario B.
Table 4.3: Operating details of scenario A
Sequence Action Duration(hours) | Flow rate(L/s)
1(Initial Condition) | Filled with water of 13 °C / /
2 Charging from the bottom 5.75 1062
with water of 4 °C
3 Charginig from the top with 11.9 512
water of 1 °C
4 Charging from the top with 2 796
water of 13 °C
Table 4.4: Operating details of scenario B
Sequence Action Duration(hours) | Flow rate(L/s)
1(Initial Condition) | Filled with water of 13 °C / /
2 Charging from the bottom 5.75 1062
with water of 4 °C
3 Charging from the top with 4 512
water of 1 °C
4 Charginig from the top with 1 1062
water of 13 °C

Figure 4.6 illustrates the modelling scenario A. Initially, the tank is filled with wa-
ter of 13 °C, which is the temperature of the return water of the district cooling
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network. Chilled water of 4°C is then charged from the bottom of the tank, while
water of 13 °C is discharged from the top of the tank at the same time, which cor-
responds to the charging operation. Chilled water with 4 °C is the standard chilled
water outlet temperature of existing system. This corresponds to the temperature
of water after passing through the chilling system. The tank is charged with wa-
ter of 4 °C continuously for 5.7 hours with a flow rate of 1062 L/s until the tank is
fully filled with chilled water of 4 °C. This flow rate refers to a power rating of 40MW.

Then, chilled water of 1 °C is charged to tank from the top of the tank while 4
°C water is discharged from the tank. In order to try to keep the stratification
stable, water of 1 °C should be displaced at the top of the tank. Theoretically, as
the density of water at 1 °C is lower than at 4 °C. Chilled water of 1 °C refers to
the targeted charging and storage temperature of the new TES and it also refers to
temperature of chilled water outlet of the new chiller. In reality, the new chiller,
which is responsible for cooling down water to 1 °C, has a temperature difference
of 7-8 °C between the inlet and outlet, which is also called delta temperature(A T)
of the chiller. Therefore, the discharged water of 4 °C from the tank has to mix
with return water of 13 °C to bring up the temperature to 8-9 °C before going to
the new chiller for further cooling down to 1 °C. This operation corresponds to the
situation when more cooling demand is expected during peak hours in the future.
The tank is charged with 1 °C water continuously for 11.9 hours with a flow rate of
512 L/s. The duration chosen is the theoretical time that 1 °C chilled water can fully
displaced 4 °C water in the tank. Finally, return water of 13 °C is charged to the
tank for 2 hours from the top with a flow rate of 796 L/s while chilled water is dis-
charged from from the bottom. This corresponds to discharging operation of 40MW.

For modelling scenario B (Figure 4.7), a more intense stratification of water with 1
°C, 4 °C and 13 °C is simulated. The initial stage of operation is same as scenario
A, which the tank is filled with return water of 13 °C and water of 4 °C is charged
to the tank from the bottom diffuser until it is filled with chilled water of 4 °C.
Subsequently, chilled water of 1 °C is charged to the tank by displacing water of
4 °C for 4 hours with a flow rate of 512 L/s, which corresponds to the charging
operation. Return water of 13 °C is thus charged to tank by displacing chilled water
of 4 °C with a flow rate of 1062 L /s, which corresponds to the discharging operation.

Table 4.3 and 4.4 demonstrate the operating details of 2 scenarios. The flow rate
is based on the intended energy input and output from the tank with a maximum
energy rating of 40MW.

The transient simulation model will return the characteristics of thermocline dynam-
ics, mixing phenomenon, change of temperature profile and discharging temperature
of chilled water. The model will give an insight into the feasibility of lowering down
the loading temperature down to 1 °C.
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4.3 Energy Dispatch Investment Modelling

This part illustrates the methodology of the energy dispatch investment model in the
year 2040 scenario. The model aims at determining the optimal capacity of the new
chillers cooling production plant in Sparvagnsdepan and the thermal storage tank
by minimizing the total annualized cost. It is done by linear optimization technique
by setting up linear constraints and finding the global minimum of the objective
function. In the following subsections, assumptions, operational and investment
costs of the system, and the formulation of objective function and constraints will
be explained.

4.3.1 Assumptions

It is assumed that waste heat from the industry is always available when needed.
Moreover, the cost of getting waste heat from the industries is assumed to be zero.

It is assumed that the thermal energy storage tank can be charged by all the chiller
units in the network and there is no difference in cost by charging in different loca-
tions.

The thermal storage tank is formulated like a battery, with a capacity, rate of charg-
ing and discharging , and cycle efficiency.

The coefficient of performance of the chiller units is assumed to be constant. For
the absorption chiller, it is assumed to be 20, by only accounting for electricity use
alongside free heat. The COP of the compressor is assumed to be 5, including the
efficiency of cooling towers and pumps.

4.3.2 Generation and storage

This subsection explains the details of generation and storage units in the year 2040,
including capacities, costs, and operational constraints.

(A) Capacity of units

The capacity of units is based on the expected installation in the year 2040,
as shown in the following Table 4.5. As the new chiller in Sparvagnsdepan is
next to the thermal storage tank, it is expected that the chillers will be used
mainly for charging the tank when the electricity prices in their lowest and
also fulfilling the cooling demand requirements in the system. Therefore, the
optimal capacity of the new chiller in Sparvagnsdepan and the thermal storage
tank is to be determined.
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Table 4.5: Capacity of cooling units

’ Location \ Total Capacity (MW) ‘
Skeppsbron 20
Gullbergsvass 11.2
Gasklockan 30
Odin 4.7
Ceres 5.6
Medicinareberget 10
Almedal 11
Sparvagnsdepan to be determined
Lindholmen 15.6
Nya Massan )
Sahlgrenska 3
Thermal Storage Tank to be determined

(B) Investment Cost

38

The investment cost for much technical equipment does not have a linear re-
lationship with its capacity [38]. Energy generators and storage units that are
larger usually have lower specific costs than smaller ones [39].

As part of the study is aiming to investigate which chiller plant type, absorp-
tion or compression, is more suitable to achieve the optimization goal. The
investment cost of both types of chiller plants, including the building, chillers,
cooling towers, pumps, piping, and controls, has been studied. The investment
costs of district cooling projects vary widely depending on the local construc-
tion environment and site conditions such as the labor rates, the shipment
of equipment, permits, and fees, local authorities and restrictions, etc. The
investment cost of a chiller plant in North America is typically in the range
between (9510 - 8085 SEK per KW) including the design fees, contingencies
and taxes [3].

A previous study was done in Sweden to evaluate the economic aspects of using
an absorption cooling system have compared between installing compression
and absorption cooling system, where the study presented that the compres-
sion cooling system installation was around 20% cheaper than the installation
of an absorption cooling system [40]. Based on the above mentioned and for
simplicity due to not acquiring actual data from the Swedish market to be used
in the comparison, the investment cost for the installation of compression and
absorption cooling systems was assumed 9510 SEK and 7610 SEK per KW
respectively.

The investment costs of the energy storage system comprise the cost of the
tank and the two diffusers, the cost of building up the foundation, the cost of
pumps, piping, and valves etc...[7]. The following figure 4.8 shows the non-
linear relation between specific investment cost and storage capacity of the
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chilled water cooling energy storage tank[7]. For all high, average, and low-
cost estimations, the specific investment cost for the tank is much higher when
the storage capacity is below 10MWh and it starts to flatten out gradually
with the increase of storage capacity. In the simulation, data from average
estimation will be utilized as an investment input, the value considered is 210
SEK per KWh.

140.0
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Average — Low —High

100.0

80.0

60.0

Chilled water tank cost ($/kWh)

40.0

20.0

0.0
0 20000 40000 60000
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Figure 4.8: Relation between Specific cost against storage capacity of tank.
Adapted from [7]

The investment cost of the thermal energy storage tank in this study is not
linearly related to its capacity. By taking into consideration that for larger
TES, the investment cost will become flattened as shown in the graph above,
but also noting that a lower discharge temperature from the TES means an
even cheaper total investment cost is required for the TES. Therefore, a value
between 21.71 to 31.48 SEK/KWh was selected between 2°C and 7°C discharge
temperature respectively, taking into consideration the expected storage ca-
pacity.

Annualized investment cost can be calculated by multiplying the investment
cost and the annuity factor, as shown in the equation 4.5. It is assumed that
the number of years is 25, which corresponds to the expected service lifetime
of the generation unit and the tank, with an assumed discount rate of 3%.
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B r
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af (4.5)

where r represents the discounted rate, and n represents the number of years
the amount will be annualized. Based on the equation above, the annuity
factor is 0.05.

(C) Operational Cost
One of the main factors to determine the operating cost of the system is the
electricity price, which will be highlighted in the upcoming section. Each cool-
ing system, absorption, and compression chillers, have different COP values
and this will reflect on how much consumption of electricity is required for
each system to operate, and eventually, this will reflect on the overall opera-
tional cost of the cooling system. This means the system with the higher COP
has the advantage over the other system when it comes to the cost of operation.

Another factor that has been taken into account in this study is the mainte-
nance cost requirements for each chiller system, absorption, and compression.
The district cooling guide from ASHARE has given a guideline for an esti-
mated annual maintenance cost for different chiller types. For this study, it
was assumed that the compression chillers are electric centrifugal (single com-
pressor industrial-field erected) type with a maintenance cost of 2.7 SEK per
KW per year, and a hot water absorption chillers (single effect) type were
assumed for the absorption chiller cooling system with the maintenance cost
of 4.6 SEK per KW per year [3].

The cost of other operational factors has been not been taken into consid-
eration for this study as they have similar values disregarding whether the
cooling plant and TES are operated using absorption or compression chillers.
Therefore, they will have no impact on the results of different optimization
model scenarios. This factor includes the labor cost and the pumping cost of
the cooling plants (noting that the existing plant was considered as one unit
and the cooling distribution network is not part of the study). In addition, the
operating cost of the TES is neglected for the same reason mentioned above.

4.3.3 Cooling Loads

The future predicted of the cooling load profile is based on the cooling load profile
data of Goteborg Energi for year 2020. Figure 4.9 shows the predicted cooling load
profile in the year 2040 based on the prediction that the cooling load will be 3.85
times higher in 2040 compared to 2020 (Figure 4.10. Therefore, the cooling load
profile in the year 2040 is established based on the one in the year 2020. In addition,
the cooling demand is multiplied by a factor of 3.85 to generate the predicted cooling
load hourly profile in the year 2040.
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Figure 4.9: Predicted Cooling Load Profile in 2040.
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Figure 4.10: Cooling Load Profile in 2020.

In Gothenburg year 2040, the cooling production system by Goéteborg Energi will
be designed to fulfill the maximum cooling demand with a capacity of 163.7 MW
(100% of cooling load) at a maximum outside design temperature of 25°C, where
this value will be presented later as DUT 100%.

In terms of daily demand profile, four cases are considered. Four daily load profiles
are extracted from the hourly demand profile in 2040 and their generation charac-
teristics will be studied. Their daily peak demands correspond to the utilization of
50%, 75%, 100% and exceeding 100% of the total capacity of the generation system.
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In the future operation, there will be a cap imposing on the cooling generation.
Once the maximum generation is reached, the system will not provide more cool-
ing energy even if the outdoor ambient temperature is higher and more energy is
needed. Figure 4.11 shows the four daily load cases that will be considered. The
rated power that can be generated is 163MW. Therefore 50%, 75% and 100% of
generation corresponds to 81.5 MW, 122 MW and 163 MW. Those four load cases
refer to the load on June 22", June 23', August 19'" and August 17 ' respectively.

Daily Load Profile
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200

&
&

Demand(MW)
5

50

Time (hours)

Figure 4.11: Daily Load Profile.

The cooling loads that needed to be fulfilled by chillers and the operation from the
tank is the net cooling demand. The net cooling demand refers to the difference
between the total cooling demand and the free cooling demand, which is fulfilled by
free cooling from river water.

4.3.4 Loading temperature

The intended loading temperature of district cooling system is below 7 °C. Loading
temperatures from 1 to 7 °C will be investigated in the model. It will be simplified
by modelling as the maximum power output of the tank. Under constant flow, for
a low loading temperature down to 1 °C, the power output is higher due to higher
temperature difference for the same amount of volume flow.

Referring to this, it is desirable to go as low as possible achieving 1 °C, but the
investigation will demonstrate if this is possible and will also demonstrate how much
is possible for the loading temperature to go low before mixing happening within a
certain time constrain.
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4.3.5 Energy costs

The electricity price implemented in the model is based on the prediction of the
year 2040. The future average electricity price prediction will be modeled based
on a suggestion from Goteborg Energi. The future predicted average electricity
price is expected to increase around 6.5 times from 2020 to 2040 (221 SEK/MWh
to 1427 SEK/MWHh respectively), as per Goteborg Energi’s average electricity price
suggestion and the historical average electricity price in 2020 as per Nordpool. The
hourly electricity profile for year 2020 from Nordpool is taken and multiplied by the
correction factor to predict the future hourly electricity price pattern in the year
2040.
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Figure 4.12: Electricity Price Profile in 2040.

4.3.6 Thermal Efficiency and Coefficient of Performance

The thermal efficiency of the cooling thermal energy storage tank is considered as
the ratio of energy output from the tank to the energy input to the tank during one
charging and discharging cycle. For a well-designed tank, the daily energy loss is
about 1% [31]. However, due to the presence of a thermocline layer, a layer with a
large temperature gradient will reduce the amount of cooling energy available. The
efficiency of thermal storage thus will be affected. Equation 4.6, 4.7 and 4.8 explains
efficiency of storage tank.

Erm — Eou
Neh = —2— 2 100% (4.6)
Eln
Eouwt — Emm
Nais = —2 I 5 100% (4.7)
Es;
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Nst = Neh X Ndis (48)

The value will be taken from the result of computational fluid dynamics modelling.
The coefficient of performance of chiller is calculated as follows:

EOut
w

Here 7., and ny;s refer to the charging and discharging efficiency respectively. Ep,
and Fo,; refer to the energy input and energy output respectively. Fg,; refers to the
Energy stored. 7y refers to the storage efficiency. W refers to the work input.

CoP = (4.9)

The COP of centrifugal compressor chiller varies depending on the percentage of
cooling load. Figure 4.13 shows the relation between cooling load and coefficient of
performance. The range of COP varies between 2.2 and 9.4 depending on the lading
and reaches its maximum when the loading is at around 60%.

10

CoP
o

0 20 40 60 80 100
Loading Percentage(%)

Figure 4.13: Coefficient of performance against cooling load of centrifugal com-
pressor chiller.

In a linear optimization model, the relationship between the load of the chiller and
the COP should be a linear relation, but as has been seen in the figure above, the
relation is non-linear and can not be presented in the model program. To avoid this
issue and as the COP will be used to compute the chillers’ operating expenses, the
SEER ( seasonal energy efficiency ratio) with a constant value will be assigned and
used as the final value for COP. Equation 4.10 is used to calculate the ESEER [41]:

SEER = COPloo% X Woloo% + COP75% X WC75% + COP50% X WC50%

4.10
+COP25% X WCQ5% ( )

Where 100%, 75%, 50% 25% are the various load ratio % of the chillers WC present
the Weighting Coefficient for that load and it is 3%, 33%, 41%, and 23% respectively
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for each load ratio. from the equation and the graph of the COP curve above, the
ESEER have a value of 8, however in our model we look at the overall COP for the
plant, taking into consideration the cooling tower and the pumps. Therefore, for
modelling, a constant value of 5 will be chosen for the COP as an input for pro-
duction plants using compression chillers, the same was confirmed with Géteborg
Energi. And since the chillers will operate for the entire year then the level of in-
accuracy of the results due to the use of constant COP can be treated as insignificant.

On the other hand, the absorption chillers have constant COP irrespective to the
load on the chiller and the energy input includes waste heat from industries and
electricity used by pump work. As the waste heat is assumed to be for free and
sufficient, the only work input we considered in the equation is electricity. Therefore,
a COP value of 20 is considered for the overall production plant using absorption
chillers in the optimization modelling.

4.3.7 Modelling Scenarios

In this study, several cases have been investigated to decide what would be the op-
timum scenario of cost optimization for the new cooling production plant and TES
in the year 2040 within the district cooling network. The main two scenarios are a
new cooling absorption chillers production plant with TES and a new cooling com-
pression chillers production plant with TES. Each scenario of those will be divided
into sub-scenarios based on the ability to achieve different discharge temperatures,
from 1°C to 7°C, and what would be the lowest temperature possible for achieving
the study purpose.

Figure 4.14 below demonstrate the different scenarios that will be further investi-
gated in the next chapter.

2040

Scenarios

Absorption
chillers + TES

Compression
chillers + TES

Different Discharge
temperatures (
1°C to 7°C)

Different Discharge
temperatures (
1°Cto 7°C)

Figure 4.14: New cooling production plant scenarios in year 2040
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(A) Scenario 1: New cooling production compression chillers cooling

46

plant and TES

The main aim of this scenario is to identify if considering the installation of
compression chillers for the new cooling production plant in Sparvagnsdepan
would be the optimum solution with the use of TES and what would be the
optimum capacity for the plant and the required volume of TES.

Sub-scenarios: different discharge temperature (1°C to 7°C)

For modeling, seven sub-scenarios will be considered for the first scenario, the
main difference between the sub-scenarios is considering a constant maximum
flow rate for all scenarios while changing the discharge temperature from 1°C
to 7°C. Several other parameters have been taken into the model but remained
the same for all sub-scenarios. These parameters are the TES efficiency of 0.95,
existing compression chillers COP as 5, the new cooling production plant COP
as b (considering the new plant using compression chillers), the available exist-
ing chillers capacity in the district cooling network is 116 MW, the investment
cost of the new cooling production plant is 7.608 MSEK per MW, the in-
vestment cost of TES is as shown in the table below. In addition, the annuity
factor (af) is 0.05, the electricity prices are SEK per hour, and the maintenance
cost for the new and old cooling production plants is 2.7 SEK per KW per year.

Table 4.6 below summaries the difference between each sub-scenario in scenario
1.
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Table 4.6: Scenario 1: general data input

Scenario 1
Discharge Temperature 1 2 3 4 ) 6 7
(°C)
TES capacity (MW) 43.33 | 40 | 36.67 | 33.33 | 30 | 26.67 | 23.33
TES efficiency 0.95
Existing compression 5
chillers, COP
Existing absorption chillers, 20
COP
New compression chillers, 5
COP
Existing available chillers 116
capacity in the district cool-
ing network (MW)
New cooling production 7.608
plant  investment  cost
(MSEK/ MW)

TES investment cost | 0.18 | 0.19 | 0.21 022 1024 ] 0.26 | 0.28
(MSEK/ MWh)

Annuity Factor 0.05
Existing cooling produc- 2.7
tion plant maintenance cost

(SEK/ KW)

New cooling production 2.7
plant  Maintenance cost

(SEK/ KW)

(B) Scenario 2: New cooling production absorption chillers plant and
TES
Similar to scenario one, the objective is to identify if the installation of ab-
sorption chillers with TES would achieve the study purpose. In addition, to
what would be the optimum capacity of the plant, and the volume required
by the TES.

Sub-scenarios: different discharge temperature (1°C to 7°C)

For modeling, seven sub-scenarios will be considered for the second scenario,
the sub-scenarios are similar to the first scenario, however, some parameters
will have different values such as the new cooling production plant COP (con-
sidering the new plant using absorption chillers), the investment cost of the
new cooling absorption chillers plant and the maintenance cost for the new
cooling plant.

Table 4.7 below summaries the difference between each sub-scenario in scenario
2.
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Table 4.7: Scenario 2: general data input

Scenario 1
Discharge Temperature 1 2 3 4 ) 6 7
(°C)
TES capacity (MW) 43.33 | 40 | 36.67 | 33.33 | 30 | 26.67 23.33\
TES efficiency 0.95
Existing compression )
chillers, COP
Existing absorption chillers, 20
COP
New absorption chillers, 20
COP
Existing available chillers 116
capacity in the district cool-
ing network (MW)
New cooling production 9,510
plant  investment  cost
(MSEK/ MW)

TES  investment  cost | 0.18 | 0.19 | 0.21 | 0.22 | 0.24 | 0.26 | 0.28
(MSEK/ MWh)

Annuity Factor 0.05
Existing cooling produc- 2.7
tion plant maintenance cost

(SEK/ KW)

New cooling production 4.6
plant Maintenance cost

(SEK/ KW)

4.3.8 Investment Dispatch Model Formulation

The aim of the model is to find out the optimized investment capacity of the new
chillers and the thermal energy storage tank. The model outputs the energy dispatch
pattern, the operation of chillers and the thermal storage tank, and the optimized
investment capacity of new technologies. The model comprises an objective func-
tion, an energy balance equation and several constraints. This part will explain the
formulation of all the equation input into the Python model.

Objective function: The objective function is to minimize annual cost of the

district cooling system. The equation comprises annual operational costs and annu-
alised investment cost. The optimization function is shown in equation 4.11.
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Min( > [Qeom(t)/COProm X €price(t)] + [Qnew(t)/COPrewy X €price(t)]

t=1

+ [inVQnew X PQnew X af] + [inUTESnew X CTESnew X af])
(4.11)

Where Q.o and Q. represents the cooling load generated by all the existing
compressors chillers and the new chilling units, in MWh/hr; COP,,,, and COP,,,
represents COP of compressors and new chillers (compression or absorption) re-
spectively; e,.ice represents the electricity price SEK/MWh; invg, ., and invrgs,,.,
represent the investment costs of new chilling unit and thermal storage tank respec-
tively, in SEK/MW hr and SEK/MWHh hr respectively. Py, e, and Crgs,,., represent
the invested capacity of the new chiller and the cooling thermal energy storage tank,
in MW and MWh, respectively.

The objective function has an hourly resolution, all the operations are based on an
hourly basis. The annual cost thus is the summation of all the hours throughout
the year.

Energy Balance: The energy balance constraint is implemented to ensure the
cooling supply and demand is always met, as expressed in equation 4.12.

Qcom(t) + Qnew (t) + Qdischarge(t) = Qdemand(t) + Qcharge(t)a Vi € T (412>

where Qcharge and Qgischarge represent the cooling load charged and discharged
from the tank, in MWh, respectively. The left hand side of the equation repre-
sents total cooling energy supply to the system, including energy generation from
the existing compressors(Qeom), new chillers(Qye) and energy discharge from the
tank(Qgischarge). The right hand side of the equation represents the total cooling
energy demand, including cooling demand from the consumers(Qgemand) and cooling
energy charging to the tank(Qcharge)-

Constraints: Constraints for the generation units and the cooling thermal en-
ergy storage tank are presented below.

(A) The charging and discharging condition of the thermal energy storage tank is

limited to the state of charge (SOC). This represents the energy storage level of the
tank at each time step, as shown in equations 4.13 and 4.14 .

SOCTES(t) - SOCTES(t - ]-) + Qcharge(t) - Qdischarge(t)a Vt € T (413>

SOCesmin < SOCes(t) < Crespow, VEET (4.14)
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Where the state of charge (SOC}.s) represents its energy level of the tank, Qcharge
and Qischarge represent the amount of cooling energy being charged and discharged
at specific time step t. The time step (t-1) represents the previous time step.

Equation 4.14 limits the range of storage of the tank. SOC}cs min represents the
minimum state of charge in the tank. Ci., ., represents the invested capacity of the
tank, which represents the maximum storage level of the tank.
(B) The amount of energy can be charged and discharged is limited by the maximum
power that can be drawn and supplied from and to the thermal energy storage tank,
as shown in equations 4.15 and 4.16.
0 < Qeharge(t) < Qtes, VteT (4.15)
0 S Qdischm‘ge (t) S Qtes, vVt € T (416)

Where Qtes refers to the maximum charging and discharging power of the tank.

(C) The cooling energy generation from the chillers is limited by the power rating
of them, as shown in the equations 4.17 and 4.18.

0 < Qeom(t) < Pcom, VteT (4.17)
0 < Quew(t) < Prew, VEET (4.18)

Where P.,,, and P, represent the power rating of the existing compressors chillers
and the new chillers (compression or absorption) respectively.
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4.4 Sensitivity Analysis Scenarios

The results output from the modeling scenarios depends on several set of inputs
(parameters and assumptions which was made), and due to the uncertainty of the
assumptions used, the outcome of the results might have significant impact if the as-
sumptions input changed. Therefore, the impact of the assumptions on the outcomes
will be examined in this chapter, analyzing the importance and dependency of input
parameter to the results and a sensitivity analysis will be carried out accordingly.

4.4.1 Electricity price

The impact of future electricity prices on the optimization output will be tested.
The future electricity prices in the year 2040 were reflected originally based on the
electricity prices of the year 2020, to be also consistent with the historical data
chosen for the cooling demand. However, there were several occasions such as the
Covid-19 pandemic which make a possibility that this reflection might not be accu-
rate. Therefore, several other years 2021, 2019, 2018, and 2017 were investigated to
examine the prediction of the electricity prices in 2040 and see how this will impact
the overall results. The historical data of the electricity hourly prices were retrieved
and collected from Nordpool website [6], and the predicted average electricity price
of 2040 was given from Goéteborg Energi. From collecting the data it was noticed
that the jump in the electricity prices from the chosen year to the year 2040 varies
from 1.62, 4.9, 2.68, 2.38, and 3.62 from the year 2021 to 2017 respectively. which
indicates our concern that there is no certain pattern to be followed in predicting
the future electricity prices and confirms our choice to choose of doing a sensitivity
analysis for the electricity prices.

Table 4.8 below presents the average electricity prices as per Nordpool data, which
was used in the sensitivity analysis in combination with the predicted electricity
price for the year 2040, 1427 SEK as given by Goteborg Energi. The average elec-
tricity prices were used to see how much the hourly electricity prices should expand
to achieve an average electricity price of 1427 in the year 2040.

Table 4.8: Yearly average electricity prices as per Nordpool. [6]

Year 2021 2020 2019 2018 2017
Electricty price (SEK) | 671.60 | 221.03 | 405.49 | 457.78 | 300.90

Figure 4.15 presents the historical electricity profile data for different years, 2021,
2020, 2019, 2018, and 2017 as per Nordpool data.
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Figure 4.15: Historical electricity prices data [6]

4.4.2 Cooling Demand Profile

Similar to the electricity price, historical data for the load profile was used to predict
the load profile pattern in the future, the year 2040. The future hourly cooling load
demand in the year 2040 was reflected originally based on the hourly cooling load
demand of the year 2020, as it is the latest available cooling demand data year. As
mentioned in the sensitivity analysis - electricity price section, several uncertainties
can be related to the cooling demand in the year 2020. Therefore, investigating ad-
ditional previous years, and their cooling demand reflection is necessary to examine
how the cooling demand would impact the decision of selecting the optimum model.

Figure 4.16 present the historical cooling demand data for different years, 2020,
2019, 2018 and 2017 as given by Goéteborg Energi.
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Results

5.1 Computational Fluid Dynamics Modelling

This section embodies the outcomes from computational fluid dynamics modelling of
cooling thermal energy storage tank. It includes the results from the two modelling
scenarios and further observation and analysis from them.

5.1.1 Summary

In two modelling scenarios, charging and discharging operation of 1 °C, 4 °C and 13
°C with several sequences are modelled. Numerous aspects are analysed, including
stratification between different temperature zones, development of thermocline lay-
ers, propagation of water after diffusing to the tank and storage efficiency. Overall,
the result showed that extensive mixing occurs between 1 °C and 4 °C and no clear
temperature zone can be established within the cold zone. On the other hand, ther-
mocline layer was established between the return 13 °C and chilled water of 1-4 °C.
A clear separation between warm and cold zone enables efficient energy storing by
stratification within the tank.

5.1.2 Scenario 1

During the charging of 4 °C from the bottom of the tank, 13 °C warm water will be
discharged from the top diffuser concurrently. In the process, a thin layer of ther-
mocline layer is developed from the beginning of charging process. Chilled water
at 4 °C and warm water of 13 °C are thus be separated. When more chilled water
is charged from the bottom, the thermocline layer became thicker. When charging
process of 4 °C finishes, the chilled water replaced 13 °C completely without mixing.
The stratification is effective in this process without significant energy loss except
for the thermocline layer.

After the tank is filled with 4 °C water, 1 °C water chilled is charged to the tank
from the top while 4 °C water is discharged from the bottom. In the process, there is
no stratification between 1 °C and 4 °C water and no thermocline is formed between
them. Instead, mixing phenomenon happens instantly when 1 °C water is charged
to the tank. 1 °C water mixes with 4 °C at the upper part of the tank first, making
the upper part colder. The colder water then diffuses to the bottom of the tank

95



5. Results

unified the chilled water temperature inside the tank. The resultant chilled water
temperature of the tank is around 2 °C. After that, chilled water is discharged from
the tank at the bottom while water temperature of 13 °C is returned from the top.
During the process, thermocline layer is generated to separate the warm and cold
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Figure 5.1: Cross-section graphical illustration during charging of 4 °C chilled
water at different time steps.
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Figure 5.2: Cross-section graphical illustration during charging of 1 °C 57
chilled water and charging of 13 °C return water at different time steps.
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5.1.3 Scenario 2

The initial charging of water of 4 °C is the same as scenario A. It corresponds to
normal charging operation of water with 4 °C. Subsequently, during charging of tank
of 1 °C water to the tank filled with water of 4 °C, it shows similar characteristic
with scenario 1. Continuous mixing occurs between them without building up ther-
mocline layer or stratification. The resultant temperature of the tank depends on
the volume of chilled water charged to tank. If more water with 1 °C is charged into
the tank, the resultant temperature will also be lower due to conservation of energy.
A temporary cooler zone was established at the upper part of the tank after chilled
water with 1 °C was charged to the tank. The chill water then start to diffuse and
mix with the rest of the water inside the tank to form a single gradient temperature
zone. However, it should also be noticed that the mixing between 1 °C and 4 °C
takes time to achieve a unified temperature within the tank. When 13 °C water is
charged from top of the tank, a thermocline layer is formed to separate the warm
and cold layer. Only 2 temperature zones are formed instead of 3, with the cold
layer of around 3.5 °C and the warm layer of around 13 °C.
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Figure 5.3: Cross-section graphical illustration of Scenario B at different time
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5.1.4 Temperature Gradient

A good thermal stratified energy storage tank should have a high value of temper-
ature gradient in the thermocline zone. A high temperature gradient in the zone
indicates a weak mixing, also good stratification, between the hot and cold side of
water inside the tank [42]. Figure 5.4, 5.5 and 5.6 shows the temperature distribution
across the tank’s height during different time horizon in charging and discharging
cycles of scenario A. Figure 5.4 refers to the charging operation of water of 4 °C
from the bottom of the tank. It is observed from the figure that the temperature
gradient decreased gradually in the thermocline zone with time from the hour of 1.25
to 4.58, resulting in thicker thermocline layer. The flattened temperature gradient
can be explained by the axial thermal conduction of fluid due to temperature differ-
ence. Additionally, in the cold water zone, the average temperature dropped with
time. Within the vertical distance from 0-10 meters , the average temperature of
the chilled water dropped from 4.21 °C to 4.04 °C, a temperature difference of 0.17
°C. It can be explained by the influence of diffuser during charging process. In the
initial stage of charging process, there was less chilled water presented in the tank
and the thermocline had not developed steadily. Therefore, the mixing of water be-
tween the warm and cold zone were more prominent, and the resultant temperature
in the cold zone was higher. However, during time, more stable thermocline layer
was established and more chilled water is charged to the tank. The distance between
the thermocline layer and the inlet diffuser thus increased. Therefore, the influence
of the inlet bottom diffuser declined during time and the average temperature of
the chilled water in the tank dropped. On the other hand, the temperature on the
warm side stayed undisturbed at 13 °C throughout the charging process.

Scenario A: Charging Water of 4°C
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Figure 5.4: Temperature Profile during charging of water of 4 °C of Scenario A.
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Figure 5.5 refers to the charging process of water of 1°C from the top of the tank.
As shown in the figure, the temperature profile is irregular throughout the charging
process. There is no thermocline layer developed throughout the process. Instead,
extensive mixing along the vertical axis of the tank. Due to the intensive mix-
ing, when more water of 1 °C was charged to the tank, the average temperature of
water dropped gradually with time from 3.57 °C at hour 2.36 to 2.05 °C at hour 12.0.

Scenario A: Charging Water of 1°C
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Figure 5.5: Temperature Profile during charging of water of 1 °C of Scenario A.
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Figure 5.6 refers to the discharging operation of chilled water and a return water
temperature of 13 °C is charged into the tank from the top diffuser. Similar to
the charging process of water of 4 °C, the temperature gradient declined with time
due to the increased axial heat conduction during the process, creating a thicker
thermocline layer. As the water of 13 °is charged from the top of the tank, the
diffuser inlet influenced the water temperature of the warm zone in the initial stage,
resembling the charging process. After the thermocline was established and moved
further away from the diffuser inlet, the temperature of the warm zone increased to
the water return temperature of 13 °C.

Scenario A: Charging Water of 13°C
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Figure 5.6: Temperature Profile during charging of water of 13 °C of Scenario A.
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Figure 5.7 and 5.8 below shows the temperature distribution across the tank’s height
during different time horizon in charging and discharging cycles of scenario B. Fig-
ure 5.7 refers to the charging operation of water of 1°C from the top of the tank.
Similar to scenario A, extensive mixing is seen between water of 1 °C and 4 °C in
the charging process with no development of thermocline layer. The colder water
at the top of the tank diffused and mixing with the warmer water at the bottom.
Heat transfer is mainly by means of convection until attain a uniform temperature
throughout the tank.
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Figure 5.7: Temperature Profile during charging of water of 1 °C of Scenario B.
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Figure 5.8 the discharging operation of chilled water and a return water temperature
of 13 °C is charged into the tank from the top diffuser. As shown in the figure, the
cold zone has a unified temperature of around 3 °C after the mixing during charging
process. A steady thermocline was formed between warm and cold zone. Tempera-
ture gradient declined and thermocline thickness increased with time, similar to the
scenario A.

Scenario B: Charging Water of 13°C
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Figure 5.8: Temperature Profile during charging of water of 13 °C of Scenario B.

5.1.5 Thermocline Thickness

Thermocline thickness is a performance indicator to understand the stratification
efficiency and storage efficiency of the energy storage tank. It can be assessed by
dimensionless temperature(©) [43], the relation is shown as follows:

T(x)—Tec
Th—Tc

which O(z) is the dimensionless temperature at a certain location in the TES; T'(z)
is the temperature a certain location in the TES; T'h is in the inlet charging tem-
perature of water; T'c is the initial temperature of water inside the TES. Th —T'c in
the denominator represents the temperature difference between supply and return
water in the TES; (T'(x) — T'c) represents the temperature difference between a cer-
tain point in the TES and the cold side of chilled water in the tank.

O(z) = (5.1)

The thermocline thickness can be defined by the distance in the TES tank based on
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the range of dimensionless temperature(©) selected. In this study, 0.15 < © < 0.85
is defined as the temperature range of thermocline. The following equation 5.2 is
used to calculate thermocline thickness (Ah):

Ah=Xh-Xc (5.2)

which Xh is the distance from the bottom of the tank when ©® = 0.85; Xc is the
distance from the bottom of the tank when © = 0.15. For example, for a supply
and return temperature of 4 °C and 13 °C, the thermocline zone will be the vertical
distance between Xc at 5.35 °C and Xh at 11.65 °C.

At the first stage of operation in scenario A, during charging of water of 4°C, it is
observed that the thermocline thickness grew during the charging process and at-
tained its maximum when the thermocline layer was close to the top outlet diffuser.
It is in line with the study by Waluyo et al. that the flowing stream near the dif-
fuser affects the mixing within the thermocline layer and degraded the stratification
[44]. Additionally, heat conduction between the hot and cold side of water increased
due to temperature difference. This thus increased the thermocline thickness over
time. As shown in figure 5.9, the thermocline thickness increased steady over time
from around 2 meters after 1 hour to more than 4 meters after 4.5 hours of charging.
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Figure 5.9: Thermocline thickness by time during charging of water of 4 °C of
Scenario A.

During the charging of water of 1 °C, there are only mixing with water of 4 °C. No
stratification or thermocline layer was developed.

During discharging of cold water, the return 13 °C warm water developed a thermo-
cline with the cold side in a similar way. As shown in figure 5.10, the thermocline
grew steadily from 1 meter at 12th hour to 3 meters at 15th hour.
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Thermocline Thickness - Discharging
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Figure 5.10: Thermocline thickness by time during charging of water of 13 °C of
Scenario A.

Similarly, for scenario B, there is no thermocline development during the charging
process of water of 1 °C due to the extensive mixing with 4 °C. For the discharging
process, during the charging of return water at 13 °C, thermocline developed between
the warm and cold zone and thermocline thickness grew over time as seen in figure

5.11.
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Figure 5.11: Thermocline thickness by time during charging of water of 13 °C of
Scenario B.

Efficiency is usually related to the ratio between energy output and energy input,
and the energy loss determines its efficiency. Thermal storage efficiency refers to
the ratio between the net energy output and net energy input during one cycle of
charging and discharging. However, for a decent energy storage tank, the energy
loss is around 1 % per day, so it is quite negligible [7]. Thermal efficiency thus is
not a good indicator to illustrate the efficiency of the tank, as it does not consider
the decline in cooling energy available due to the development of thermocline and
the mixing phenomenon between the hot and cold side during storage process. If
we consider the loss of available energy due to the formation of thermocline, the
thickness of the thermocline at the end of charging water of 4 °C and charging
water of 13 °C in scenario A correspond to 6.3% and 5.3% of the total height of the
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tank. For scenario B, the thickness of the thermocline at the end of charging water
of 13 °C corresponds to 3.8% of the total height of the tank.
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5.1.6 Discussion

(A)

Storage Temperature Due to continuous mixing between 1 °C and 4 °C,
storage temperature can be lowered down close to 1 °C if chilled water with
1 °C is constantly charging for a prolonged period of time. However, it will
displace existing chilled water in the tank and the displaced water will flow
out of the tank to the district cooling network, which may not be desired and
realistic. It also takes long time to charge the tank until it reaches a tempera-
ture close to 1 °C. For a more practical point of view, the storage temperature
should not aim at 1 °C. But instead, lowering water temperature down to 2-3
°C is more realistic to increase the storage capacity of the tank. It can be
done by charging chilled water at 1 °C for several hours in the night time to
decrease the temperature of water inside the tank.

Risk of freezing For charging chilled water near freezing point of 0 °C, there
are concerns that freezing of water may occur within the system if the control
of temperature in the system is not appropriate. It would have significant
destruction on the operation of the system, including obstructing the deliv-
ery of water in the pipes, damaging pumps or valves, lowering the storage
efficiency etc. This is one of the major concern of existing cooling thermal
energy storage system. For storage temperature lower than 4 °C, the existing
systems tend to use low temperature fluid which has lower freezing point to
prevent any freezing in the system. However, if low temperature fluid is used
in this system, a heat exchanger is needed to separate the storage side and the
network side, due to the difference in operating medium. The heat exchanger
will inflict additional investment cost. Moreover, the heat exchanger imposes
a loss of 1-2 °C of delta T due to heat exchange between hot and cold side, in
turn, adversely affecting the benefits of low-temperature storage.

Cooling Operation of Low Temperature Chilled Water During the
charging of water at 1 °C, the return water is first cooled down from 13 °C to
4 °C and store in the tank. Then, water water with 4 °C is discharged from
the tank and is mixed with the return water in order increase the temperature
to around 8 °C so that the new chiller can operate at a delta temperature of
7-8 °C. The mixed water then cooled down by the new chiller down to 1 °C
and charge the tank again from the top. When the process continues, due to
mixing, the temperature inside the tank will drop. In order to keep the delta
T of the chiller constant, the volume of mixing between chilled water from the
tank and the return water is always changing. The flow rate from the tank
should decrease and the return water flow rate should increase. Therefore, the
control of flow in the tank and the mixing stream are important to optimize
the performance of the chiller.

Stratification Performance From the literature, there are some decisive
parameters that affect the performance of a stratified thermal energy storage
tank. They include the water flow rate, diffuser’s type and design, tank’s
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height to diameter aspect ratio, and hot and cold side temperature difference
etc [45] [44] [46]. Higher water flow rate has more turbulence influence and in-
creases Reynold’s number near the diffuser, and thus increase the thermocline
thickness. Diffuser’s design affects the direction of flow, flow rate and flow
properties, and thus induce mixing between hot and cold side during charging
and discharging. Aspect ratio of the tank influences the mixing and the devel-
opment of thermocline. Moreover, the temperature difference between the hot
and cold side of storage affects the thermal diffusion and axial heat conduction
between them. A higher temperature difference induces a thicker thermocline,
which is in line with the study.

Moreover, in this study, specific parameters are chosen for the study based on
information obtained. However, the storage performance can vary by changing
design parameters, such as the type of diffuser. Radial parallel-disk diffuser
with the same length on the upper and lower disk is chosen for the simulation.
It corresponds to the most common type of diffuser for thermal energy storage
tank. However, other diffuser types such as slotted-type and octagonal pipe
type diffuser will have some differences on storage performance and stratifica-
tion. The dimension of the diffuser is also an important factors, including the
gap between upper and lower disk, cross section area of the disk etc.
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5.2 Optimization Modelling

This section embodies the outcome from optimization modeling scenarios for dif-
ferent discharge temperatures of the tank (from 2 °C to 7 °C) with even the use
of compression chillers or absorption chillers as the new cooling production plant,
in addition to the existing cooling production plants within the cooling network.
for that purpose, Python software has been used as the programming language to
create the optimization models.

5.2.1 Summary

For the investigation of the results, 12 optimization model has been created, each
model represents a different scenario Table 5.1 below present the different scenarios.
the section includes the results and a comparison of the different scenarios and
further observation and analysis of the output from them, which will be further
used to identify which scenario had been able to achieve the lowest annualized cost
of the overall cooling system. In addition, to find out what would be the required
TES volume and the capacity of the new cooling production plant to achieve the
lowest annualized cost.

Table 5.1: Optimization Modeling Scenarios

’ Scenario name ‘ New cooling production plant type | Discharge Temperature (°C) ‘

Scenario 1-a 2
Scenario 1-b
Scenario 1-c
Scenario 1-d
Scenario 1-e
Scenario 1-f

Compression Chiller

Scenario 2-a
Scenario 2-b
Scenario 2-c
Scenario 2-d
Scenario 2-e
Scenario 2-f

Absorption Chiller

N O UL = W N O Ok W

As observed from the CFD results section, it was not possible to discharge the tank
at 1 °C. Therefore, sub-scenarios related to TES discharge temperature at 1 °C has
been eliminated and not taken into consideration under this section.

The results are fully presented for one of the optimization scenarios, Scenario 2-
a: TES Discharge temperature at 2 °C and absorption chillers as a new cooling
production plant, the outcome will include demonstration and observations of the
yearly, weekly and daily performance. In addition, a combined result for all sub-
scenarios will be presented to compare the outcome of the overall results and to
notice the data behaviors when changing the inputs.
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5.2.2 Scenario 2-a

Scenario 2a presents the most interesting scenario to look at as it is the one that
achieved the cost optimization goal in comparison with the rest eleven scenarios. it
became more interesting to look into this scenario in further detail, and how the
operational behavior of the TES, new production, and existing production activities
during the year. To investigate this, in this section, the data were analyzed from
yearly, weekly and daily perspectives. Week 33 and Week 25 were selected as they
present the weeks when DUT 100% and DUT 75% occur respectively. And the dates
of June 22", June 23'¢, August 19*" and August 17 * were selected to be further
analyzed as they present the DUT 50%, DUT 75% and DUT 100%.

The outcomes of this scenario were a TES capacity of 320 MWh, a new cooling
production plant using absorption chillers with a capacity of 33 MW, and a total
annualized cost of 47.84 MSEK.

(A) Yearly Case Study, the year of 2040

i. Yearly Cooling Demand Profile
The cooling demand shown in Figure 5.12 below represents the predicted
cooling demand in the year 2040 which requires mechanical cooling (Chillers
and TES) to fulfill the demand, excluding the cooling demand which can be
achieved and cooled by free cooling. As it can be seen, the maximum pre-
dicted cooling demand to be achieved at DUT 100% is 163.7 MW in the year
2040 as given by Goteborg Energi. Therefore, the same was ensured in the
optimization model and any additional cooling demand above the 163.7 MW
was excluded and has not been taken into consideration. This is because only
a few hours exceed the cooling demand load at DUT 100%, when enlarging
the mechanical cooling system (chillers and TES) are not required to produce
cooling for any cooling load above DUT of 100%, above 163.7 MW cooling load.

In addition, it can be noticed that the cooling load during the winter hours
can be fully achieved through free cooling from the river, and that the cooling
demand required from the mechanical cooling production systems gradually
increased during spring and autumn to reach its peak during the summer
hours around and between June and August. Two cooling demand peaks were
observed around the hour 4,000 and the hour 5500, based on the historical
cooling demand data for 2020, which is slightly different from the other histor-
ical cooling demand data for the years 2019, 2018, and 2017 when the cooling
demand was more fluctuating and have several peaks during the summer hours.

Moreover, it is worth mentioning that there was a minor number of hours
when the mechanical cooling production is required to be operated during the
winter season, when the cooling demand exceeded the cooling products that
can be achieved from the river, or when the river temperature exceeded 15°C.
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Figure 5.12: Yearly Cooling Demand Profile
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ii. Yearly Electricity Price Profile

SEK

The hourly electricity prices for the year 2040 were based on the historical
hourly electricity prices profile for the year 2020, which are as was shown
in the methodology section. It had also the lowest average electricity prices
compared with the other historical average data, and to predict the hourly
electricity profile for the year 2040 and match the average electricity prices.
The historical hourly electricity prices data were multiplied with a correction
factor based on the difference between the average electricity prices for the
year 2020 and the average predicted electricity prices for the year 2040.

Figure 5.13 shows that the electricity prices during the summer hours were
similar to the other historical data when it comes to demonstrating that the
electricity prices are usually higher during winter hours compared with sum-
mer. But it also can be noticed that year 2020 showed more fluctuation in
the hourly electricity prices compared with the years 2019, 2018, and 2017.
In addition, there were several very high electricity prices jumps during the
summer, which has not been seen, in the other historical data. it can be noted
that the high electricity prices during the summer have played an important
factor in deciding the system capacity and the total annualized cost.
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Figure 5.13: Yearly Electricity Price Profile
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1il.

MW

Yearly TES State Of Charge Profile

Figure 5.14 can clearly show that it is always beneficial to use the TES through-
out the year when mechanical production is required for operation, and this
benefit can be maximized if the electricity prices and the cooling demand can
be predicted by every hour, and the more precise data was predicted and col-
lected the more the system can become beneficial. It can be observed that
the TES was always prioritized to be fully charged and discharged continu-
ously, as the cooling load requires during the year, especially during spring,
autumn, and summer when the mechanical cooling production becomes re-
quired ( around and between the hours 2500 and 7500, where the TES was
generally charged with it full capacity).

The advantage of TES that it can use the cooling production plants to charge
the TES when the electricity prices are low during the day. To be later dis-
charged its capacity when the electricity prices are high during the peak cooling
demand hours, which will help eventually reduce the operational cost due to
the prices of electricity.
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Figure 5.14: Yearly TES State Of Charge Profile
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iv.

MW

Yearly TES Charge and Discharge Profile

Figure 5.15 shows the pattern of charging and discharging all over the year, it
can be noticed that the TES was maximized its potential mainly during the
summer, especially around and between hours 3500 and 7500, the rest of the
year the TES was also used as max but as per the requirements of the cooling
demand.
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Figure 5.15: Yearly TES Charge and Discharge Profile
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v. Yearly Existing Cooling Production plant Profile
Figure 5.16 represents the existing cooling production during the year 2040.
It can be noticed that the full capacity of 116 MW was fully utilized during
the peak cooling demand hours. However, when the cooling demand has not
reached its maximum of 163.7 MW, the priority was to utilize the use of TES
and the new cooling production plant (in this case as they were absorption
chillers), as this will be presented in the next graphs.
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Figure 5.16: Yearly Existing Cooling Production Profile
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vi.

W

Yearly New Cooling Production Plant Profile

The priority of using the new cooling production plant is to charge the TES
and/or fulfill the cooling demand first, before the use of the existing cooling
production plants is because the new cooling production plant use absorption
chillers with higher COP compared with the existing cooling production plant
that uses compression chillers with lower COP. Meaning more consumption of
electricity would be required if the existing plant is used first.

Figure 5.17 shows how the new cooling production plant has been utilized
to charge the TES and achieve the cooling demand. In addition, it can be
noticed that there were certain hours where the plant was not required to
operate during the summer season, this is due to that the cooling demand has
been covered using the TES mainly or maybe the existing cooling production,
whichever would make the system running cost cheaper in overall.
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Figure 5.17: Yearly New Cooling Production Profile
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vii. Yearly TES Discharge Profile
Figure 5.18 shows separately how the TES discharging was utilized to achieve
the requirement of the cooling demand.
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Figure 5.18: Yearly TES Discharge Profile
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(B) Week 33 (15 Aug - 21 Aug, 2040) Case Study

=

M

Week 33, in the year of 2040 represents the week where DUT 100% and above
will occur in the year 2040.

. Week 33 Cooling Demand Profile

It can be noticed in Figure 5.19 that the cooling demand has exceeded 163.7
MW over 3 days and reached the DUT 100% on the 19th of August. In addi-
tion, the figure shows that the cooling demand pattern is consistent when the
peak load for each day happens during the daytime hours and the low load
hours happens during the night hours.
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Figure 5.19: Week 33 Cooling Demand Profile
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ii. Week 33 Electricity Price Profile

Figure 5.20 shows that the electricity prices started to increase gradually to
reach their highest in the 18" of August when the cooling demand started also
to increase complying with the increase of the outdoor temperature and then
later the electricity prices start dropping back as the cooling demand start to
decrease.
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Figure 5.20: Week 33 Electricity Price Profile

iii. Week 33 TES State Of Charge Profile
Figure 5.21 shows that the TES starts fully discharging its maximum capacity
before recharging again each day when the cooling demand requirement has
increased and when the electricity prices started also to increase.
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Figure 5.21: Week 33 TES State Of Charge Profile
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iv. Week 33 TES Charge and Discharge Profile
Figure 5.22 shows the discharge and charging pattern of the TES during the
week 33.
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v. Week 33 Existing Cooling Production plant Profile
Figure 5.23 shows that the existing cooling production plant was not required
to operate to its full capacity during all week hours unless the cooling demand
exceeded what is available to be discharged from the TES and the available
capacity of the new production plant, then the existing plant production will
increase gradually to achieve the required demand.
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vi. Week 33 New Cooling Production plant Profile
Figure 5.24 shows that the cooling production of the new production plant will
operate during the whole week, as it will have a lower operating cost compared
with the existing cooling production plant when it comes to charging the TES
or fulfilling the cooling demand.
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Figure 5.24: Week 33 New Cooling Production Profile

vii. Week 33 TES Discharge Profile
Figure 5.25 shows the discharge pattern only from the TES which was utilized
to fulfill the peak cooling demand hours.
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Figure 5.25: Week 33 TES Discharge Profile
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viii. Week 33 Cooling Demand and Production Profile
Figure 5.26 shows the hours where the new and the existing production plant
were operating above the cooling demand requirements during the low cooling
demand hours in order to charge the TES, which was utilized later to fulfill
the demand at the peak hours.
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Figure 5.26: Week 33 Cooling Demand and Production Profile

(C) Week 25 (20 June - 26 June, 2040) Case Study
Week 25, in year of 2040 represents the week where DUT 75% and DUT 50%

will occur in year 2040.

i. Week 25 Cooling Demand Profile
Similar to data from week 33, it can be noticed from Figure 5.27 that the
cooling demand reached and exceeded 163.7 MW over 3 days and reached the
the DUT 75% in the 23th of June. Also the figure shows that the cooling
demand pattern is consistent that the peak load for each day happened during
the day time hours and the low load hours happened during the night hours.
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Figure 5.27: Week 25 Cooling Demand Profile
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ii. Week 25 Electricity Price Profile
Similar to data from week 33, Figure 5.28 shows that the electricity prices
started to increase gradually to reach its maximum on 25th of June, when the
cooling demand started also to increase complying with the increase of the
outdoor temperature, and then later the electricity prices start dropping back
as the cooling demand start to decrease.
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Figure 5.28: Week 25 Electricity Price Profile

iii. Week 25 TES State Of Charge Profile
Similar to week 33, Figure 5.29 shows that the TES started fully discharging its
maximum capacity before recharging again during each day when the cooling
demand requirement has increased and when the electricity prices started also
to increase.
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Figure 5.29: Week 25 TES State Of Charge Profile
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iv. Week 25 TES Charge and Discharge Profile
Figure 5.30 shows the discharge and charging pattern of the TES during the
week 25.
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Figure 5.30: Week 25 TES Charge and Discharge Profile

v. Week 25 Existing Cooling Production plant Profile

Similar to week 33, Figure 5.31 shows that the existing cooling production
plant was not required to operate to it full capacity during all week hours unless
the cooling demand exceeded what are available to be discharged from the TES
and the available capacity of the new production plant, then the existing plant
production will increase gradually to achieve the required demand and where
the full capacity was rarely required and only for few hours comparing with
week 33.

140
120
100

a0

MW

60

40

20

0
0 20 40 60 80 100 120 140 160 130

Hours

Figure 5.31: Week 25 Existing Cooling Production Profile
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vi. Week 25 New Cooling Production plant Profile
Similar to week 33, Figure 5.32 shows that the cooling production of the new
production plant was required to operate during the whole week to achieve the
lowest optimization cost for this scenario, which can be explained as it have
a lower operating cost comparing with the existing cooling production plant
when it comes to charging the TES or fulfilling the cooling demand.
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Figure 5.32: Week 25 New Cooling Production Profile

vii. Week 25 TES Discharge Profile
Similar to week 33, Figure 5.33 shows the discharge pattern only from the TES
and how the TES was utilized to fulfill the peak cooling demand hours.
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Figure 5.33: Week 25 TES Discharge Profile
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Viil.
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Similar to week 33, Figure 5.34 shows the pattern and the hours where the new
and the existing production plant where operating above the cooling demand
requirements during the low cooling demand hours in order to charge the TES,
which was utilized later to fulfill the demand at the peak hours.
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Figure 5.34: Week 25 Cooling Demand and Production Profile

(D)

i.

=
=

DUT 100% (19-08-2040) Case Study

DUT 100% Daily Cooling Demand Profile

Figure 5.35 represents the cooling demand profile during a day at DUT 100%,
it shows that the cooling demand started gradually to increase during the day
starting from hour 5:00, reaching the maximum cooling demand, at 163. 7MW
at hour 14:00, and then gradually decreased after hour 16:00 to reach the
lowest cooling demand, at around 60 MW, at around hour 00:00.
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Figure 5.35: DUT 100% Daily Cooling Demand Profile
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ii. DUT 100% Daily Electricity Price Profile
Figure 5.36 represents the electricity prices profile during a day at DUT 100%,
it shows that it is consistent with the increase of the cooling demand, where
the electricity prices increase and reach it maximum during the day hours
while it gradually drop and reach it lowest prices during the night hours.
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Figure 5.36: DUT 100% Daily Electricity Price Profile
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iii. DUT 100% Daily TES State Of Charge Profile
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Figure 5.37 represents the state of charge for the TES profile during a day
at DUT 100%, it shows that the tank starts charging mainly in the off-peak
hours between hour 22:00 and hour 5:00 while it discharges during the peak
hours between hour 7:00 and 15:00. This is also consistent with the cooling
demand profile while the TES is used to discharge during the peak cooling
demand hours in order to fulfill the overall cooling demand. This is also
consistent with the electricity price profile which shows that the tank starts to
charge when the electricity prices are low and then later discharges when the
electricity prices are high.
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Figure 5.37: DUT 100% Daily TES State Of Charge Profile
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iv. DUT 100% Daily TES Charge and Discharge Profile
Figure 5.38 represents the charging and discharging profile of the TES during
a day at DUT 100%, it shows that the tank starts charging during the night
hours (off-peak load hours) with a maximum charging capacity of 40 MW for
each hour, to discharge it again during the day hours (peak load hours) with
maximum discharge capacity of 40 MW.
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Figure 5.38: DUT 100% Daily TES Charge and Discharge Profile
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v. DUT 100% Daily Existing Cooling Production plant Profile

Figure 5.39 represents the existing cooling production plant profile during a
day at DUT 100%. It shows how the existing plant will operate to achieve
the cooling demand. It can be noticed that during the peak hour 14:00 when
the cooling demand was 163.7 MW, the existing plant still did not operate
to its maximum capacity as the priority was to run the TES and the new
production plant. While in hour 16:00 it can be observed that the existing
plant start operating to its maximum and that is because there was no more
enough capacity left to be discharged from the TES and the demand required
for the existing plant to operate using its maximum capacity.
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Figure 5.39: DUT 100% Daily Existing Cooling Production Profile

90



5. Results

vi.
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DUT 100% Daily New Cooling Production Profile
Figure 5.40 represents the new cooling production plant profile during a day at
DUT 100%, it shows that the new production plant was fully utilized during
the day as the cost of operation for the new cooling production plant is cheaper
than the existing cooling production plant.
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Figure 5.40: DUT 100% Daily New Cooling Production Profile
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DUT 100% Daily TES Discharge Profile

Figure 5.41 shows only the daily discharge pattern from the TES and how the
TES was utilized to fulfill the peak cooling demand hours. Similar to what
was mentioned in the state of discharge, the tank start discharging by 40 MW
for each hour during day time, between hour 8:00 till 14:00 when the peak
load starts gradually to increase to reach its max at hour 14:00.
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Figure 5.41: DUT 100% Daily TES Discharge Profile
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viii. DUT 100% Daily Cooling Demand and Production Profile
Figure 5.42 represents the cooling production and demand profile during a day
at DUT 100%. It shows the hours which were during the day when the new
and the existing production plant were operating above the cooling demand
requirements and during the off-peak hours in order to charge the TES, which
was utilized later to fulfill the demand at the peak load hours between hour
8:00 till 14:00.
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Figure 5.42: DUT 100% Daily Cooling Demand and Production Profile
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(E) DUT 75% (23-06-2040) Case Study

i. DUT 75% Daily Cooling Demand Profile

Figure 5.43 represents the cooling demand profile during a day at DUT 75%,
it shows that the cooling demand started gradually to increase during the day
starting from hour 5:00, reaching the maximum cooling demand of around 120
MW at hour 15:00 then gradually decreasing after to reach the lowest cooling
demand around 40 MW, around hour 00:00. Compared to the profile of DUT
100%, it has a similar pattern but the cooling demand required was less during
the day of DUT 75%, around 75% of the maximum load.
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Figure 5.43: DUT 75% Daily Cooling Demand Profile
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DUT 75% Daily Electricity Price Profile
Figure 5.44 represents the electricity prices profile during a day at DUT 75%.
It shows that it is consistent with the increase of the cooling demand, where
the electricity prices increase and reach their maximum during the day hours
while it gradually drops and reaches its lowest prices during the night hours,
except between the hour 17:00 and 18:00 when the electricity prices by a
sudden increased again.
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Figure 5.44: DUT 75% Daily Electricity Price Profile
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iii. DUT 75% Daily TES State Of Charge Profile

Figure 5.45 represents the state of charge for the TES profile during a day at
DUT 75%, it shows that the tank starts charging mainly in the off-peak load
hours between hour 23:00 and hour 5:00 while it discharges during the peak
hours between hour 7:00 and 15:00, to later than slightly charge and discharge
between hour 15:00 and 20:00. It is noticed that even though electricity prices
went high again but still, it was profitable to charge slightly the tank before
the electricity price reach its second peak at hour 17:00. This can be noticed
as consistent with the electricity price profile where it shows that the tank
starts to charge when the electricity prices are low and then later discharge
when the electricity prices are high.
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Figure 5.45: DUT 75% Daily TES State Of Charge Profile
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iv. DUT 75% Daily TES Charge and Discharge Profile

Figure 5.46 represents the charging and discharging profile of the TES during
a day at DUT 75%, similar to the profile from DUT 100%. It shows that
the tank starts charging during the night hours (off-peak load hours) with
a maximum charging capacity of 40 MW for each hour, to discharge again
during the day hours (peak load hours) with a maximum discharge capacity of
40 MW. However, a pattern of charging the TES at hour 16:00 was around 30
MW, and an extra 10 MW by hour 17:00 was noticed to reduce the operating
running cost for the overall cooling system when the electricity prices went
high again at hour 17:00.
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Figure 5.46: DUT 75% Daily TES Charge and Discharge Profile

96



5. Results

v. DUT 75% Daily Existing Cooling Production Profile

Figure 5.47 represents the existing cooling production plant profile during a
day at DUT 75%, similar to the profile of DUT 100%. DUT 75% profile shows
how the existing plant will operate to achieve the cooling demand. It can be
noticed that during the hour 16:00 when the cooling demand was 120 MW,
the existing plant was almost sufficient by itself to produce cooling to cover
the cooling demand, while the new production plant capacity remained under
operation to fulfill the charging of the TES. And in hour 19:00, the existing
plant was switched off as the required cooling load was sufficient to be achieved
using the TES and the new cooling production plant, and this had helped to
reduce the running cost of using the existing plant which has lower COP.
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Figure 5.47: DUT 75% Daily Existing Cooling Production Profile
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vi.
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DUT 75% Daily New Cooling Production Profile

Figure 5.48 represents the new cooling production plant profile during a day
at DUT 75%, similar to the DUT 100% profile. The graph shows that the
new production plant was fully utilized during the day, as the cost of opera-
tion for the new cooling production plant is cheaper than the existing cooling
production plant, which was utilized to charge the TES or to fulfill the cooling
demand.
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Figure 5.48: DUT 75% Daily New Cooling Production Profile
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vii. DUT 75% Daily TES Discharge Profile

Figure 5.49 represents the TES discharge profile during a day at DUT 75%,
similar to DUT 100%. The graph shows only the daily discharge pattern from
the TES and how the TES was utilized to fulfill the peak cooling demand hours,
where the tank starts discharging by 40 MW for each hour during daytime,
between hours 8:00 until 14:00 when the peak load starts gradually to increase
to reach it maximum at hour 14:00. In addition, to be later charged by 30
MW at hour 19:00 to re-discharge later during the day when the electricity
prices were high.
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Figure 5.49: DUT 75% Daily TES Discharge Profile
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viii. DUT 75% Daily Cooling Demand and Production Profile
Figure 5.50 represents the cooling production and demand profile during a
day at DUT 75%, similar to the DUT 100% profile. The graph shows the
hours during the day where the new and the existing cooling production plant
were operating above the cooling demand requirements and during the off-
peak hours in order to charge the TES, which was later utilized to fulfill the
demand at the peak load hours between hour 8:00 till 15:00.
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Figure 5.50: DUT 75% Daily Cooling Demand and Production Profile

100



5. Results

(F) DUT 50% (22-06-2040) Case Study

i. DUT 50% Daily Cooling Demand Profile

Figure 5.51 represents the cooling demand profile during a day at DUT 50%.
It shows that the cooling demand started gradually to increase during the day,
reaching the maximum cooling demand of around 80 MW at hour 9:00 then
gradually decreasing slightly to increase and reach the maximum again around
hour 14:00 to later drops gradually again and reach the lowest cooling demand
around 40 MW, around hour 00:00. Compared to the profile of DUT 100% the
pattern is similar and the drop in the cooling demand is more obvious during
the daytime hours and the required cooling demand was less during the day
of DUT 50%.
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Figure 5.51: DUT 50% Daily Cooling Demand Profile
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DUT 50% Daily Electricity Price Profile

Figure 5.52 represents the electricity prices profile during a day at DUT 50%.
The graph shows that the electricity price increased gradually to reach the
highest between hours 10:00 and 14:00 and then drooped again from 15:00 to
00:00 and remained to some extent constant. It is also consistent with the
increase of the cooling demand, where the electricity prices increase and reach
their maximum during the day hours while they gradually drop during the
night hours.
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Figure 5.52: DUT 50% Daily Electricity Price Profile
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iii. DUT 50% Daily TES State Of Charge Profile
Figure 5.53 represents the state of charge for the TES profile during a day at
DUT 50%. The graph shows that the tank starts charging in the off-peak load
hours between hour 22:00 and hour 4:00 while it discharges during the peak
load hours between hour 8:00 and 16:00, to later slightly charge and discharge
between hour 16:00 and hour 19:00. This can be noticed as consistent with the
cooling demand and electricity price profile where it shows that the tank starts
to charge when the electricity prices and when the cooling demand is low and

then later discharge when the electricity prices and the cooling demand are
high.
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Figure 5.53: DUT 50% Daily TES State Of Charge Profile
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iv. DUT 50% Daily TES Charge and Discharge Profile

MW

Figure 5.54 represents the charging and discharging profile of the TES during
a day at DUT 50%. Similar to the profile from DUT 100%, it shows that
the tank starts charging during the night hours (off-peak load hours) with a
maximum charging capacity of 40 MW for each hour, to discharge it again
during the day hours (peak load hours) with maximum discharge capacity of
40 MW. However, a pattern of charging the TES at hour 17:00 by around 20
MW was noticed to reduce the operating running cost for the overall cooling
system when the electricity prices were still considered high compared to the
early hours of the day.
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Figure 5.54: DUT 50% Daily TES Charge and Discharge Profile

104



5. Results

v. DUT 50% Daily Existing Cooling Production Profile

Figure 5.55 represents the existing cooling production plant profile during a
day at DUT 50%. Similar to the profile of DUT 100%, the profile shows
how the existing plant will operate to achieve the cooling demand. It can be
noticed that during the hour 17:00 when the cooling demand was around 70
MW, the existing plant had the highest operation hour during this specific day
with 60 MW per hour almost sufficient by itself to produce cooling to cover
the cooling demand. While the new production plant capacity remained fully
under operation to fulfill the charging of the TES. In addition, in hours 10:00
and 18:00 the existing plant was switched off, as the required cooling load was
sufficient to be achieved using the TES and the new production plant, which
helped to reduce the running cost of using the existing plant, which has low
COP.
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Figure 5.55: DUT 50% Daily Existing Cooling Production Profile
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vi. DUT 50% Daily New Cooling Production Profile
Figure 5.56 represents the new cooling production plant profile during a day
at DUT 50%. Similar to the DUT 100% profile, the graph shows that the new
production plant was fully utilized during the day as it cost of operation for
the new plant is cheaper than the existing plant and where it was utilized to
charge the TES or to fulfill the cooling demand.
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Figure 5.56: DUT 50% Daily New Cooling Production Profile
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vii. DUT 50% Daily TES Discharge Profile

Figure 5.57 represents the TES discharge profile during a day at DUT 50%.
Similar to DUT 100%, the graph shows only the daily discharge pattern from
the TES and how the TES was utilized to fulfill the peak cooling demand hours.
Where the tank starts discharging by 40 MW for each hour during daytime,
between hours 9:00 until 15:00 when the peak load starts gradually to increase
to reach its max at hour 14:00. It was also observed that during the hours
11:00 and 12:00 the required discharging capacity was around 30 MW instead
of 40 MW. These are the same hours when the cooling demand has dropped
during the daytime and the same when the existing plant stopped operation,
which means that discharging a 30 MW from TES and full operation of the
new plant was sufficient to fulfill the cooling demand at that certain hour.
Later the TES was charged by 25 MW at hour 18:00 to re-discharge during
the day to reduce the consumption of the electricity prices.
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Figure 5.57: DUT 50% Daily TES Discharge Profile
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Figure 5.58 represents the cooling production and demand profile during a day
at DUT 75%. Similar to the DUT 100% profile, the graph shows the hours
during the day where the new and the existing cooling production plant were
operating above the cooling demand requirements and during the off-peak
hours to charge the TES, which was utilized later to fulfill the demand at the
peak hours between hour 8:00 until 15:00.
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Figure 5.58: DUT 50% Daily Cooling Demand and Production Profile

(G) Scenario 2-a outcomes
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Several inputs and constraints had played an essential role in deciding the
outcomes of the optimized cost model, these inputs and constraints are such
as the historical cooling demand data of 2020, the historical electricity prices
data of 2020 and the Maximum Dis/Charge from the TES to name few. The
outcome of the optimized cost model was the total annualized cost at 47.84
MSEK, considering a TES capacity of 320 MWh and the use of absorption
chillers with a capacity of 33 MW for the new cooling production plant as a
result to achieve the cheapest total annualized cost of for the system. Several
other data can be seen as outcomes that concern the design such as the tank
volume is 27,8 m3, the tank diameter of 23.33 m when the tank height is 65 m,
the total utilization factor is 27.2% for the TES during the year. In the next
section, a further demonstrating of the sub-scenario 2a results and comparing
it with other sub-scenario results will be presented.
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5.2.3 Scenarios outcomes

(A) Overall Scenario 1 outcomes

Scenario 1 considers using compression chillers as a new cooling production
plant with TES. Table 5.2 below summaries the results of each sub-scenario in
scenario 1. It can be noticed that Scenario la has the cheapest optimization
annualized cost with 58.59 M SEK compared with the other scenarios. It was
noticed that the minimum accepted capacity of the new cooling production
plant for scenarios la and 1b has been reached at 15 MW, and to accommodate
the cooling demand of the cooling system, the tank size was required to be
enlarged but even with this has been taken into consideration, scenario la was
still the cheapest. A pattern from the results can be noticed as follow. The
more the value of the maximum TES Dis/Charge was reduced or the more the
discharge temperature was increased when the maximum flow rate is constant,
then the more capacity from the new cooling production plant will be required
and less capacity from the TES and the higher the total annualized cost for
the system overall.

This can be elaborated as installing a larger TES capacity with more possibility
to discharge from the tank per hour can play a significant role in reducing the
overall cost of the system, compared to installing a larger capacity of the new
cooling production plant.
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Scenario 1 results

Scenario name

Scenario la

Scenario 1b

Scenario 1c

Scenario 1d

Scenario le

Scenario 1f

Discharge Tem-
perature (°C)

2

3

4

5

6

7

Maximum TES
Dis/Charge
(MW)

40

36.67

33.33

30

26.67

23.33

TES
(MWh)

Capacity

389

349

339

303

259

227

New production

Plant (MW)

15

15

15

18

22

25

Total Annu-
alized Cost
(MSEK)

58.59

59.51

60.46

62.50

64.89

66.91

Tank Cost
(SEK/MWh)

21.71

23.67

25.62

27.57

29.53

31.48

Tank Total Cost
(MSEK)

3.70

3.62

3.80

3.66

3.35

3.13

Tank Volume
(Thousand m?)

33.79

33.35

35.99

36.19

35.36

36.15

Tank Height (m)

65.00

65.00

65.00

65.00

65.00

65.00

Tank Diameter

(m)

25.73

25.56

26.55

26.63

26.32

26.61

Utilization fac-
tor per each Dis-
/Charge

23.13%

23.48%

24.27%

24.67%

24.85%

25.16%

Hours per Day
per each Dis-
charge & Charge

5.63

5.82

5.92

6.03

Table 5.2: Scenario 1 results
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Figure 5.59 demonstrates how reducing the TES capacity will require enlarging
the capacity of the new cooling production plant to fulfill the cooling demand.
and in both scenarios 1a and 1b the minimum capacity of the new production
plant has been reached, it can be observed that due to the extra capacity of
the production plant in both scenarios the required TES capacity was reduced
from how originally would have been required if there was no limitation.
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Figure 5.59: Scenario 1 - Sub-scenarios TES capacity and New Cooling Plant
Capacity comparison
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(B) Overall Scenario 2 outcomes

Scenario 2 considers using absorption chillers as a new cooling production
plant with TES. Table 5.3 below summaries the results of each sub-scenario in
scenario 2. it can be noticed that Scenario 2a has the cheapest optimization
annualized cost with 47.84 M SEK compared with the other scenarios. Similar
to the observation of scenario 1, a pattern from the results can be noticed as
follow. The more the value of the maximum TES Dis/Charge was reduced
or the more the discharge temperature was increased, then the more capacity
from the new production plant will be required and less capacity from the TES
and the higher the total annualized cost for the system overall. In the same,
this can be elaborated as installing a larger TES capacity with more possibility
to discharge from the tank per hour can play a big factor in reducing the overall
cost of the system, compared to installing a larger capacity of the new cooling
production plant.

Scenario 2 results

Scenario name Scenario 2a | Scenario 2b | Scenario 2¢ | Scenario 2d | Scenario 2e | Scenario 2f
Discharge Tem- 2 3 4 5 6 7
perature (°C)

Maximum TES 40 36.67 33.33 30 26.67 23.33
Dis/Charge

(MW)

TES  Capacity 320 293 266 236 199 175
(MWh)

New production 33 33 34 35 35 36
Plant (MW)

Total Annu- 47.84 48.37 48.87 49.34 49.78 50.20
alized Cost

(MSEK)

Tank Cost 21.71 23.67 25.62 27.57 29.53 31.48
(SEK/MWh)

Tank Total Cost 3.04 3.04 2.98 2.85 2.57 241
(MSEK)

Tank  Volume 27.80 28.00 28.24 28.19 27.17 27.87
(Thousand m?)

Tank Height (m) 65 65 65 65 65 65
Tank Diameter 23.33 23.42 23.52 23.50 23.07 23.37
(m)

Utilization fac- 13.6% 14.2% 14.8% 15.5% 16.1% 17.2%
tor per each Dis-

/Charge

Hours per Day 3.27 3.41 3.56 3.72 3.86 4.12
per each Dis-

charge & Charge

Table 5.3: Scenario 2 results
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Figure 5.60 demonstrates how reducing the TES capacity will require enlarging
the capacity of the new cooling production plant in order to fulfill the cooling

demand.
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Figure 5.60: Scenario 2 - Sub-scenarios TES capacity and New Cooling Plant
Capacity comparison

(C) Overall Scenario 1 and 2 Total Annualized Cost outcomes
Figure 5.61 shows scenarios 1 and 2 cases, it can be noticed that all scenario
2 sub-scenarios still have the cheapest total annualized cost compared with
all sub-scenarios of scenario 1. It also shows that having a lower discharge
temperature and a higher available discharge capacity from TES will always
have the lowest cost compared with the other scenarios.
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Figure 5.61: Scenario 2 - Sub-scenarios total annualized cost
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5.2.4 Sensitivity Analysis Results

Sensitivity analysis was established for the best scenario which achieved the opti-
mization cost goal, Scenario 2-a, the new absorption cooling production plant with
TES, with discharging temperature of the chilled water at 2°C. The sub-scenario
was made to test how the cost optimization will be impacted against the irregular
pattern of the expected electricity prices and the cooling demand in the future, the
year 2040.

(A) Sensitivity Analysis Results - Historical electricity prices data

Sensitivity analysis was done for historical data of electricity prices for the
years 2021, 2019, 2018, and 2017 and comparing it with the electricity prices
for the original model case as per the year 2020, to notice how this will impact
the optimization cost model.

Table 5.4 below summarizes the results of the sensitivity analysis using differ-
ent historical electricity prices data for the years 2021, 2022, 2019, 2018, and
2017.

Scenario 2-a - Cases

Case name Case 1 | Case 2 | Case 3 | Case 4 | Case 5
Historical data reference Year 2021 2020 2019 2018 2017
Discharge Temperature (°C) 2 2 2 2 2
Maximum TES Dis/Charge (MW) 40 40 40 40 40.00
TES Capacity (MWh) 227 320 147 100 127.00
New production Plant (MW) 25 33 33 38 35
Total Annualized Cost (MSEK) 3728 | 47.84 | 38.88 | 44.22 | 41.25
Tank Cost (SEK/MWh) 2171 | 2171 | 2171 | 2171 | 2171
Tank Total Cost (MSEK) 2.16 3.04 1.40 0.95 1.21
Tank Volume (Thousand m?) 19.72 | 27.80 | 12.77 | 8.69 11.03
Tank Height (m) 65 65 65 65 65
Tank Diameter (m) 19.65 | 23.33 | 15.82 | 13.04 | 14.70
Utilization factor per each Dis/Charge 13.5% | 13.6% | 101% | 8.7% | 9.4%
Hours per Day per each Discharge & Charge | 3.24 3.27 2.42 2.08 2.27

Table 5.4: Scenario 2-a - historical electricity prices data results

114

Figure 5.62 demonstrates the relationship between the TES capacity (MWh)
and the capacity of the new cooling production plant (MW) for each sensi-
tivity case of the historical electricity prices data. The data did not show a
regular pattern for anticipating the future results of the TES and the new
cooling production plant capacities to do a final decision based on. Instead, it
presents that the original case, case 2 -2020, has the highest capacity for TES,
320 MWh, the value is higher by far compared with the other cases, where also
the required capacity for the new production plant is considered high. This is
a result of using the electricity prices of 2020 which had a high fluctuating in
the electricity prices.
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In addition to more possibility to invest in the new cooling production plant
as its operating cost is lower than the existing cooling production plant. It can
also be noticed that case 4 -2018, has the highest installed capacity of the new
production plant and the lowest required installed capacity of TES. The higher
the hourly electricity prices profile, the more need for a larger TES capacity
followed by a sufficient capacity from the new production plant to charge the
TES. In case 4 for example as the electricity prices had less fluctuation and
the hourly electricity prices were low when the cooling demand was needed,
this resulted that a small TES capacity will be required and count on using
and enlarging the new production to fulfill the cooling demand.
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Figure 5.62: Scenario 2a - TES capacity and New Cooling Plant Capacity as per
different historical electricity prices data

Figure 5.63 demonstrates the total annualized cost for each sensitivity case
of the historical electricity prices data to find how the optimization will be
impacted. The data do not show a regular pattern for anticipating the total
annualized cost to do a final decision based on. It shows that the original case,
case 2 - 2020, has the highest total annualized cost, 47.84 M SEK, followed by
case 4, case 5, case 3, and case 1 respectively.

The electricity prices have a direct impact on the operational running cost of
the cooling system, and by changing the electricity prices profile, the model
starts calculating what would be the overall optimized cost model to fulfill the
cooling demand while ensuring the lowest annualized cost. From the pattern,
it can be noticed that the larger the capacity installed from the new production
plant and the smallest installed capacity for the TES, the higher the overall
annualized cost, and vice versa. In addition, it should be taken into consider-
ation to have sufficient capacity of the new cooling production plant to charge
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the TES with sufficient energy to discharge during the peak load hours.
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Figure 5.63: Scenario 2a - Total annualized cost as per different historical elec-
tricity prices data

(B) Sensitivity Analysis Results - Historical cooling demand data
Sensitivity analysis was done for historical data of cooling demand for the
years 2019, 2018, and 2017 and compared it with the cooling demand for the
original model case as per the year 2020, to notice how this will impact the
optimization cost model.

Table 5.5 below summarizes the results of the sensitivity analysis using differ-
ent historical cooling demand data for the years 2020, 2019, 2018, and 2017.

Scenario 2-a - Cases

Case name Case 1 | Case 2 | Case 3 | Case 4
Historical data reference Year 2020 2019 2018 2017
Discharge Temperature (°C) 2 2 2 2
Maximum TES Dis/Charge (MW) 40 40 40 40
TES Capacity (MWh) 320 304 305 280
New production Plant (MW) 33 30 34 28
Total Annualized Cost (MSEK) 47.84 | 43.52 | 48.36 | 33.79
Tank Cost (SEK/MWHh) 2171 | 21.71 | 2171 | 21.71
Tank Total Cost (MSEK) 3.04 2.89 2.90 2.66
Tank Volume (Thousand m3) 27.80 | 26.41 | 26.50 | 24.32
Tank Height (m) 65 65 65 65
Tank Diameter (m) 23.33 | 22.74 | 2278 | 21.83
Utilization factor per each Dis/Charge 13.6% | 14.1% | 15.5% | 13.7%
Hours per Day per each Discharge & Charge | 3.27 3.37 3.72 3.29

Table 5.5: Scenario 2-a - historical cooling demand data results

116



5. Results

Figure 5.64 demonstrates the relationship between the TES capacity (MWh)
and the capacity of the new production plant (MW) for each case of the his-
torical cooling demand data to identify how the optimization model will be
impacted. The data do not show a regular pattern for anticipating the future
results of the TES and the new cooling production plant capacities to do a
final decision based on. It presents that the original case, case 1 -2020, has
the highest capacity for TES, 320 MWh, where also the required capacity for
the new production plant is considered high, this is a result of high cooling de-
mand for several hours, which become beneficial to enlarge the tank to fulfill it.

It can also be noticed that the higher the cooling demand per hour, the more
cooling production is required, even from TES or the new production plant.
And as there was a limitation for the maximum discharge from the TES, 40
MW, then the new cooling production plant has to supply the additional cool-
ing load requirements as its operational cost is cheaper than the existing one.

However, deciding the capacity of the new cooling production plant has been
done considering a balance between the operational and the investment cost.
In case 4 also, it can be observed that the cooling demand was not high com-
pared with the other historical data and even did not achieve the maximum
cooling demand of 163.7 MW in any hours, this has resulted in having a low
capacity for both TES and the new production plant.

The additional increase in the new production plant for case 3 - 2018 com-
pared to case 1 -2020, can be referred to that there were certain hours where
the maximum discharging from TES, 40 MW, was not sufficient to fulfill the
cooling demand which resulted in further increasing the capacity of the new
cooling production plant.

The same can be observed from the percentage of TES Utilization factor,
where a higher utilization factor means that the TES was required to operate
with its maximum discharge capacity for more hours to fulfill the load. This
also can mean that an additional capacity from the new cooling production
plant is required also to fulfill the overall cooling demand as can be noticed in
case 3 -2018.
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Figure 5.64: Scenario 2a - TES capacity and New Cooling Plant Capacity as per
different historical cooling demand data
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Figure 5.65 demonstrates the total annualized cost for each case of the histor-
ical cooling demand data to identify the impact on the optimization model.
The data do not show a regular pattern for anticipating the total annualized
cost to do a final decision based on. It shows that the original case, case 2 -
2020 does not have the highest total annualized cost, it was the second-highest,
whereas the highest cost can be seen in case 3 -2018, 48.36 M SEK. The cooling
demand has a direct impact on the required operating cooling capacity which
defines the overall operational running cost of the cooling system. And by
changing the cooling demand profile, the model starts calculating what would
be the overall optimized cost model to achieve the cooling demand while ensur-
ing the lowest annualized cost, this is done by considering the required balance
between how much to invest and how much would be the cost of operation.

In addition, from the pattern, it can be noticed that having the largest new
cooling production plant played a significant factor in increasing the overall
annualized cost for the new installed cooling system (New cooling production
plant and TES).
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5.2.5 Discussion

(A)

Long term storage vs Short term storage From the optimization re-
sult, it is seen that TES is used for short-term storage rather than long-term
storage. It mainly shifts daily peak hours to the off-peak hours by charging
the tank during nighttime and discharging during daytime. For a city like
Gothenburg, where free cooling is abundant in wintertime, long-term storage
can be a good alternative to reduce the total cost of the district cooling system.

However, thermal energy storage is not a cost-effective option to serve this
purpose due to its high investment cost per unit storage capacity. However,
other storage alternatives such as cavern and borehole thermal energy storage
can be cost-effective and can be looked further into.

Absorption chiller vs Compressor chiller

An absorption chiller is a more cost-effective option in Gothenburg due to its
high coefficient of performance and the free utilization of waste heat. Practi-
cally, if the waste heat is abundant and always available at any given time, it
would always be more beneficial to install an absorption chiller than a com-
pressor chiller.

Operational and Investment Cost

From the investment cost perspective, investing in chillers is more expensive
compared with the investment of TES. Therefore, the priority in making a de-
cision goes to invest in TES first. However, to be able to utilize the TES and
make the investment profitable, a sufficient cooling production from chillers
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should be available to cover charging the TES and fulfilling the cooling de-
mand.

In addition, when it is compared being absorption chillers or compression
chillers, from an initial investing point of view, absorption chillers are more
expensive and require a higher capital investment.

From the operational cost perspective, TES has the advantage as it uses cool-
ing production plants to charge it with chilled water when the electricity prices
in their lowest. To later discharge and supply, chilled water to fulfill the cool-
ing demand when the electricity prices are high, and by considering this the
operational cost of the overall cooling system will be reduced.

In addition, when it is compared using absorption chillers or compression
chillers, from the operational cost point of view. Having an absorption chiller
in the cooling system as the new cooling production plant has an advantage
over considering the use of compression chillers for the new cooling production
plant. This can be noticed as the considering a new cooling production plant
using absorption chillers had ensured the lowest total annualized cost and its
running with full capacity was prioritized over the existing cooling production
plant, which used compression chillers. The reason is referred to the COP, for
absorption chillers its 4 times higher than the compression chillers, which gave
the absorption chillers to run first to charge the TES and fulfill the cooling de-
mand and the remained cooling demand to be fulfilled by the existing cooling
production plant.

This comes to a point that a where between the size of the investment of the
TES and a new cooling production plant, the COP of the type of the chillers,
the investment cost of the system, and the operational cost of the system are
key factors to have an optimized model.

The impact of the hourly electricity prices

In the historical data for 2021, and 2020, a high electricity prices fluctuation
during the year can be noticed, especially in the summer hours when the cool-
ing demand is required. Due to this, it can be observed that a high fluctuation
in the electricity prices resulted in having a larger TES, with higher capacity
(MWh) compared with the years 2019, 2018, and 2017 when a smaller TES
was required. The same was noticed regarding the capacity of the new cooling
production plant. Higher electricity prices fluctuating during the year resulted
in to require for a larger capacity (MW) for the new cooling production plant
(Absorption chillers) to charge the TES when the electricity prices are low
and to prioritize fulfilling the demand in comparison with the existing cooling
production plant (compression chillers) in both when the electricity prices are
high and low.

It can be said that a higher fluctuating in electricity prices during the year
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means that installing more capacity of TES becomes profitable as the TES
can be charged during the low electricity prices hours to be later discharged
during the high electricity prices hours. However, a larger TES will require a
larger capacity of a new production plant (in case of using absorption chillers)
to be able to fulfill the charging demand of TES and prioritize fulfilling the
cooling demand. Where the use of a new cooling production plant comes be-
fore considering the use of the existing cooling production plant, which uses
compression chillers with lower COP in comparison with the absorption chiller
with high COP.

From another point of view, the factor which made the consideration of the
historical data of the year 2021 present the cheapest total annualized cost is
the installed capacity of the new cooling production plant, where the invest-
ment cost of the chiller is very high incomparable with the investment in the
TES. Therefore, in the sensitivity analysis of the electricity prices, the year
2021 had shown the cheapest total annualized cost as it has the lowest instal-
lation of the new cooling production plant. Incomparable with the historical
data for the year 2020 electricity prices, where show a high total annualized
cost where both the capacity of TES and the new cooling production plant
are high meaning that the required investment was high.

The impact of the hourly cooling demand

Having an accurate prediction of future demand is very important. In the his-
torical cooling demand profile data in the case of 2017, the demand had never
reached the maximum of 163.7 MW in any hours compared with the other
historical cooling demand data for 2020, 2019, and 2018. This means a less
installment of the capacity will be required to fulfill the cooling demand and
this will be translated that the cooling system has a cheaper total annualized
cost as not much cooling demand is required.

To have an optimized cost model, then knowing the cooling demand is a nec-
essary input, otherwise, the cooling production installation might be less or
more than what is needed for the cooling demand. Where installing more
production than the cooling demand requirements mean losing money and
installing less production than the cooling demand means not achieving the
cooling demand requirements.

However, predicting the future cooling demand is not as simple as it sounds,
but a closer estimate can be made by having a future cooling demand-supply
agreement with customers, or by considering a flexible cooling system design,
which allows for future expansion. Allowing for flexibility for future expansion
in the design can help in adding additional cooling production in every stage
as the cooling demand increase with time. This can help to ensure that the
equipment installed is fully utilized as much as possible, maximize the profit,
and at the same time give the flexibility in the cooling system to further install
more cooling production when the cooling demand increase.
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Conclusion and Future work

6.1 Conclusion

For the computational fluid dynamics model, there is intensive mixing in the cold
zone when water of 1 °C is charged to the tank with the presence of water of 4
°C. No thermocline can be developed in the cold zone to separate water of 1 and 4
°C. However, thermocline layer is formed between warm zone and cold zone with a
volume corresponding to around 4-6% of the total volume of the tank at the end of
the charging or discharging process, which enables efficient cooling energy storage.
Moreover, thermocline layer develops during time due to the conduction and heat
diffusion effect because of the temperature difference of water inside the tank. A
high temperature gradient across the thin thermocline layer is ideal for storage. In
addition, from the operational point of view, due to the limitation of the size of
the new chiller, storing water down to 1 °C is unlikely as it requires much more
time than the off-peak hours in a day. However, the storage temperature can be
lowered down 2-3 °C, depending on the charging duration. This can bring down the
investment cost by having a having a small tank and less pumping power. However,
there are practical concerns for low-temperature water storage, including the risk of
freezing with temperature close to 0 °C and accurate control of flow of water in and
out of the tank.

Investing in TES is more cost-effective compared with chillers; it has lower invest-
ment and operational costs compared with mechanical chillers. The more capacity
is available to discharge from the TES, the less capacity requirement for chillers and
the lower the total annualized cost. However, more utilization of TES, can not be
achieved without sufficient cooling production from chillers to charge the TES. In
addition, several factors determined the preference for using absorption chillers over
compression chillers in the new cooling production plant, mainly the availability of
free heat. The advantage of using free heat has given the absorption chillers the
advantage of lower operational cost. Mentioning the above, it can be said that a
balance between the investment and the operational cost decides the optimum size
for the TES and the new production plant to achieve the goal of finding the lowest
total annualized cost.

Electricity prices play a role in determining the size of investment for both, TES
and new cooling production plant, where high fluctuating in the electricity prices
mean more possibility for TES installment resulting in cheaper total annualized
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cost. Similarly, the cooling demand hourly profile also plays an important factor in
determining the size of investment for both, TES and the new cooling production
plant, where the higher the cooling demand in the future mean the higher install-
ment would be required from the cooling production units (Chillers and TES).

Nevertheless, the electricity prices and the cooling demand profile are uncertain
and not easy to predict in the future, this can be seen, as there is no consistent
pattern in the historical data from the past years, making no conclusive decision
for the optimum size for the TES and the new cooling production plant. By saying
this, allowing for flexible cooling system design, and initiating risk assessment and
operational strategy studies for future expansion can ensure to minimize the loss
of money from installing higher capacity than required or not achieving the cooling
demand due to not installing enough cooling capacity.

6.2 Future Work

Prototype experiment of CFD model

For validating the results of computational fluid dynamic model, an experimental
prototype can be done to verify the results of the computational fluid dynamics
model.

Investigation of long term storage

From the result obtained in the optimization model, tank thermal energy storage is
appropriate only for short term storage. As abundant of cooling energy is available
in the winter in Gothenburg, future study of long term cooling thermal energy stor-
age can be done to investigate the feasibility and cost effectiveness to the system. A
successful implementation of long term storage can be a more sustainable option for
the system by utilizing cheap and clean energy at low cost. This will also decrease
the need of short term thermal energy storage and the use of chillers, lowering down
the overall cost.

Modelling with network constraints

A future study considering the network constraints, including the capacity pipelines,
pressure and pumping constraints, can be taken into account in the investment anal-
ysis, which can give a more holistic view on how the system will operate.

Sector coupling of district heating with district cooling system

In this study, the operation of district heating system and district cooling system is
completely independent and waste heat is assumed to be always available. A future
study of combining district heating and cooling system can be done to investigate
the potential economic benefits of the energy system as a whole. The use of waste
heat from the industry, the reject heat from compressors, heat pumps, turbines and
boilers can be coupled, so that an integrated energy system with optimized opera-
tion can be studied.
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Sea temperature rise in 2040

In this study, the sea temperature profile of the river for the year 2040 was assumed
similar to the year 2020 for simplicity. However, due to climate change, the sea
temperature profile might rise or decrease differently during the year than what has
been noticed in the year 2020. This will result in changing the amount and the
percentage of the available free cooling load from the river during the year, and
eventually affect the size of investment and the operational cost of the mechanical
cooling system (Chillers and TES). Therefore, taking the change in sea temperature
into account can give a more holistic view of how the system will operate.

Investment and maintenance cost

For this study, the cost of investment and maintenance was assumed as per previous
studies and references. However, considering actual cost values from the Swedish
market will ensure the results are more accurate.
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