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Chapter 1

Introduction

The Climate Act sets ambitious climate targets for the Netherlands. By 2050, the goal is
to reduce greenhouse gas emissions by 95% from the 1990 levels. In order to achieve
that goal it is the intention of the government that, by 2030, the Netherlands will reduce
greenhouse gas emissions by 55% compared to 1990 and that electricity production will be
completely CO»-neutral by 2050. The government is taking steps to decarbonize the thermal
energy sector, which includes implementing measures to reduce emissions in district heating
systems (DHs).

DHs are centralized heating networks that utilize multiple heat sources to generate energy
to heat up a fluid, usually hot water flow, which is efficiently distributed through pipelines to
residential, commercial, and industrial consumers.

There are two main heat sources utilized in the DH system in the Enschede area: a
cogeneration power plant (CHP) and a natural gas-fired boiler. An efficient CHP plant is
used as the DH system’s base load heat source, while a natural gas-fired boiler is used to
supplement the heat supply for peak load. The usage of peak-load heat sources is linked
to natural gas consumption, and efforts are being directed towards their reduction. This will
lead to a consequent decrease in carbon emissions related to natural gas consumption. This
objective can be realized through the implementation of thermal storage systems.

Thermal energy storage (TES) technology offers a solution to the energy generation-
demand mismatch by storing excess thermal energy for later use. TES can lower the
operating costs of DHs by reducing the need for less efficient and expensive energy sources
during peak-load periods, while efficient heat sources like CHP can be utilized. This study
is focused on DHs analysis and thermal storage system design in the Enschede region to
improve the energy efficiency of DHs by reducing peak-load heat source usage.



1.1 HeatLand Project Introduction

The HeatlLand project focuses on several key areas of research, including the
implementation of the thermal storage system in DHs in general and thermochemical
energy storage (TCES) in particular as well as the use of residual heat from industries. This
project explores the development of TCES systems as a potential solution for DHs to
support peak-load demand and provide extra buffer storage capacity for the utilization of
residual heat from industries. Thus, the dependence on fossil fuels in heat generation for
peak load can be reduced, and the sustainability of DHs can be improved.

The University of Twente (UT) works with several industry partners to develop TCES
systems in the Enschede area. While TCES is still a relatively new and emerging technology,
the HeatlLand project is helping to advance its development and application in DHs. This
project involves designing TCES systems and evaluating their feasibility in both the 3rd and
4th generation of DHs.

Twence B.V. is a leading company in the fields of waste management and energy
production. It is committed to contributing to a more sustainable future by turning waste
into valuable resources. Twence B.V. uses waste heat from its waste-to-energy plants to
generate steam, which is then used for DHs as an efficient heat source. By using waste heat
to provide DHs, Twence B.V. can reduce the use of fossil fuels that would otherwise be
needed to provide heat to these buildings.

Ennatuurlijk B.V. operates several DH networks in the Netherlands to supply heat to
thousands of customers in urban areas, reducing their reliance on fossil fuels and
contributing to a more sustainable energy system. The network in the Enschede area uses
residual heat from a waste-to-energy plant owned by Twence. Ennatuurlijk also
implemented hot water storage as part of its DHs to improve the flexibility of its operations.
This helps Ennatuurlijk reduce its reliance on natural gas and optimize its use of efficient
energy sources.

1.2 Problem statement and design goal

The existing DHs require long-term TES to deal with weekly and monthly peak load demand,
ensuring sustainable utilization of heat sources and further reducing their dependence on
peak-load heat sources. However, the current thermal storage infrastructure is designed for
short-term use, resulting in high heat losses. Moreover, the expansion of storage capacity
for short-term TES is limited by the available space in urban areas. To address this issue,
the use of TCES technology has shown promise due to its low heat loss over a long period
of time and small footprint requirements for large storage capacity. Nevertheless,
compared with sensible thermal storage technology, implementing TCES in DHs poses



challenges due to its low response time, low thermal power output, and requirement of
specific operating conditions. Therefore, there is a need to develop a methodology to analyze
the feasibility of TCES in a specific condition of DHs.

The design goal of this project is to develop a comprehensive methodology that assesses
the feasibility of integrating TCES technology into DHs in the Enschede area. This methodology
should consider the unique challenges posed by TCES, such as its low response time and specific
operating conditions. Additionally, the design aims to explore efficient coordination between
heat production and storage to improve peak load management within the DHs. Ultimately, a
thermal storage system is designed that can eliminate the reliance on natural gas-fired boilers,
thus achieving a more sustainable utilization of heat sources for DHs in the Enschede area. To
study TCES implementation in DHs, the following design questions will be addressed:

i: What is the key to the coordination between the heat source and thermal storage, and
how does it correlate to the reduction of peak load generation within DHs?

ii: How does long-term TES accommodate sustainable heat source utilization? And what are
the key challenges associated with implementing long-term TES technology (focusing on TCES
in this study) in DHs?

iii: What is a suitable methodology to be developed to analyze the feasibility of integrating
TCES technology into DHs, taking into account its unique challenges?

iv: What is the economic performance of a TCES system in DHS, and which design
parameters and cost components in a TCES system have a significant impact on the economic
performance?

1.3 Outline of report

The design project starts with the identification of design goals, considering stakeholder
perspectives. In Chapter 2, an analysis of stakeholder needs across three hierarchical levels—
government, municipality, and utility—is presented. This is followed by a literature review and
benchmarking in Chapter 3. Furthermore, an assessment of the current operational status and
condition of targeted DHs is conducted to establish a baseline. Simultaneously, an exploration
of potential thermal storage technologies aligned with the design goals is undertaken.
Chapter 4 focuses on the model-based analysis approach, serving as the main methodology.
The section elaborates on the development of a model for the selected technology.



Chapter 2

Stakeholders need analysis

It’s crucial to identify the needs and desires of stakeholders to provide practical design
solutions. This study examines the broad scope and narrow focus of the need for two
stakeholders, Twence (heat supplier) and Ennatuurlijk (DHs operator). The stakeholder’s needs
and wishes are analyzed from three hierarchical levels. Based on these findings, design
requirements can be established, thus a design concept is proposed to overcome any
obstacles.

DH is recognized as playing a crucial role in Europe’s successful energy system transition.
In the Netherlands, the energy system transition in DHs involves participation from various
roles across three hierarchical levels: government, municipalities, and utilities. At the
government level, the Dutch Climate Policy proposed the National Climate Agreement as
the central goal to reduce greenhouse gas emissions by 49% by 2030, compared to 1990 levels.
Additionally, it aims to increase the share of renewable energy by at least 32% and to
enhance energy efficiency by at least 32.5% by 2030 compared to the 1990 data. At the
municipality level, the Regional Energy Strategy (RES) [1] was then developed to provide an
optimal approach to align the climate goals for each region while considering regional plans
and development. At the utility level, the municipalities in the region collectively collaborate
to establish a joint ambition with local utilities for their regional energy transition plan [2].

2.1 Government level - Energy transition in the thermal sector via

District heating system

The energy consumption of low- and medium-temperature heating demand was 43% of the
national total energy demand, as indicated in Figure 2.1. For older buildings, traditional natural
gas central heating boilers were still the primary heat source. However, new regulations have
been put in place so that small-consumer buildings that apply for environmental permits after
2018, such as households or apartments, cannot be connected to natural gas networks in areas
where alternative energy infrastructure is available, such as DHs (RVO, 2018)., unfolding the
rapid growth on DHs.
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Figure 2.1: Energy breakdown of the Netherlands in 2015 (based on data from CBS, 2015).

Based on the projected increase in DH connections in the Netherlands, it is expected that
the heating demand will reach 40 PJ by 2030. Heat suppliers of DHs are aiming to achieve
an average reduction of 70% in carbon emissions by 2030, in comparison to current natural
gas central heating boilers. This will result in a reduction of carbon dioxide intensity of the
heat supplied by district heating grids to 18.9 kg of CO»/GJ . To accommodate the
increased heat demand from consumers in DHs, there is a need to enhance energy source
sustainability and improve system flexibility.

2.2 Municipality level - Decarbonization of district heating network

The Regional Energy Strategy (RES) outlines the shared ambition of decarbonization among
municipalities for regional energy transition, containing the supply of electricity, gas, and
heat up to 2030. In RES Twente 1.0, the primary objectives are focused on the development
of green electricity and the establishment of a regional heat network in urban areas. The
preferred technologies for sustainable electricity generation are wind power and solar power
for the Twente region. Figure 2.2 and Table 2.1 illustrate the collective aim of generating
green electricity from the region (30 RES) and the local city of Enschede, respectively.
There are currently 280,000 homes in Twente heated with natural gas. Figure 2.3 shows the
current and future ambition of the DHs network. It is expected to connect 100,000 homes to
the heat network. Enschede’s Transition Vision outlines a goal to remove natural gas from



all districts by 2050, resulting in a significant reduction in CO2 emissions.
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Figure 2.2: The goal of electricity generation contributed from all 30 RES in the Netherlands,
including 12 TWh from the sun on the roof ( > 300 m2), 18 TWh from the wind
on land, 5TWh from the sun on the ground fields, 7 TWh from the sun on the
roof of homes, 49 TWh from the wind off the sea, and the rest of 46 TWh
(Adopted from RES Twente 1.0).

Table 2.1: The ambition of Enschede to generate a total of 193 GWh of sustainable electricity

Provision of electricity via | Units Electricity
PV on the roof 59 hectare | 62 GWh
PV on fields 128 hectare | 93 GWh
Wind turbine 3 pieces 38 GWh

2.3 Utility level - Robustness of heat supply and peak load management

Twence is the heat supplier for the DHs in the Twente area. The principal wishes and needs for
Twence are ensuring the security of the heat supply and a transition to sustainable heat
generation. As DH network is expected to expand following the municipality’s heat transition
plan (RES Twente 1.0), Twence’s wishes include fulfilling the increasing scale of DHs in the
Twente area. However, the scaling up of DHs may deteriorate the mismatch between heat
generation and demand, and the current DHs pipeline network’s transport capacity may limit
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Figure 2.3: Twente future regional district heat network. Adapted from RES Twente 1.0 [1].

the amount of heat transferable at the same time. To address this issue, a promising solution
is the implementation of thermal storage in the DHs, which can reduce the mismatch and
prevent high thermal power loading during peak times. While this solution is currently being
applied in the Enschede area, further research is required to comprehensively advance its
effectiveness and potential impact.

Another approach that can be taken is using sustainable and cheap heat sources. There are
several sustainable energy sources available, such as heat recovery from industrial processes,
and power-to-heat from green electricity, which can be harnessed for heating purposes. The
greater interconnectivity of DHs among heat consumers and heat suppliers catalyzes the
adoption of sustainable heat sources. This is facilitated by the well-developed infrastructure
such as underground pipe networks situated near factories or industrial sites. This configuration
proves advantageous for promoting sustainability, benefiting not only heat consumers but also
contributing positively to the industries involved.

Ennatuurlijk, like many other utility companies, faces the challenge of peak load
management. Twence provides the baseload demand, and when there is a peak load,
Ennatuurlijk’s backup peak load boiler compensates for the gap in heat demand. Currently,
natural gas-fired boilers are used for peak load generation, which is expensive and emits high
levels of greenhouse gases. Ennatuurlijk has expressed a desire to phase out the use of these
gas-fired boilers. To achieve this goal, the operation hours of the boilers can be reduced by
utilizing thermal storage. The excess heat is stored in thermal storage when the demand is low
so that the peak load demand can be met using the stored heat. The coordination between
Twence’s baseload heat supply and Ennatuurlijk’s thermal storage management has been
established and in operation for years. However, simply reducing the operation hours of the
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boilers is not enough to meet the goal of emission. Ennatuurlijk must also improve peak
load management via various thermal storage technologies.

2.4 Case study of DHs in Enschede area

In this Section, the current status of DH operation in the Enschede area is presented.

Domestic heat demand profile

The target consumers of DHs in this work are domestic houses and buildings. The
composition of domestic heat demands mainly comes from space heating and hot water.
The demand profile is different in location, weather, and human behaviors. To specify the
local condition, the heat demand profile analyzed in this work is derived from raw data
obtained from a heat substation in the Enschede area. The raw data was measured in 2019
and consists of the hot water flow rate and the temperature difference between the inflow
and outflow of the substation. This data set is correlated with the environmental temperature
in the same period to obtain the heat demand profile for the simulation purpose. For instance,
the nominal peak demand is 1800 kW when the outdoor temperature is at -3 °C. The results
of the heat demand profile are 5159 MWh annual accumulative heat demand out of 458
buildings with an average of 120 m? of living space.

Heat generation for baseload

Twence b.v aims to utilize the heat produced from a cogeneration heat and power plant (CHP)
to directly meet the heat demand in the DHs. The heat supply to DHs is based on the
agreement with Ennatuurlijk, who estimates the heat demand in advance and requests the
desired power from Twence. The CHP owned by Twence serves as the baseload heat source.
For simulation purposes, the heat generation schedule profile for CHP is predicted by
assuming the average heat demand within each month, as indicated in Table 2.2.

Month Jan Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec
Power [kW] | 1136 | 1065 | 923 | 426 | 355 | 107 | 107 | 107 | 284 | 604 | 852 | 1136

Table 2.2: Monthly variation of heat generation schedule profile for CHP

Peak load demand management

Currently in the DHs, when the heat demand exceeds the baseload from CHP, natural gas-fired
boilers operated by Ennatuurlijk are used. Ennatuurlijk’s primary challenge is phasing out this
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gas-fired heat source for peak demand. To facilitate the peak load demand, a hot water storage
tank with 200 m3 of water, equivalent to 6000 kWh capacity, was installed in one of the
substations in the Roombeek community. During periods of surplus heat in the DHs, such as
at night, the heat energy is stored in the hot water storage. The stored heat can then be
used during peak load times, such as in the morning or evening. However, it is observed
that boiler generation will be needed again when the storage has been fully depleted. This
observation highlights the impact of the storage system operation and the selection of storage
capacity, which is a challenge in peak load management.

Thermal storage operation

Normally the heat demand fluctuates more than the heat generation schedule, and a mismatch
between the two may occur, resulting in two situations: surplus heat generation during low
demand and insufficient heat generation during high demand, called overgeneration and under
generation, respectively. During an overgeneration situation, the surplus heat from CHP
generation will be injected into the hot water tank to store the excess heat as long as
there is sufficient space in the storage. Conversely, during under generation periods, the
storage will discharge the stored hot water to support peak load and stop discharging when
the peak demand period is ended or the water level in storage has been depleted. This
observation highlights the significance of studying the connection between peak load
management and storage system control, making it a worthwhile area of research.

To sum up, from the case study investigation, Twence is currently the only baseload heat
supplierin the Enschede area. With more sustainable heat suppliers joining for baseload supply
in the future, it can be beneficial for heat supply robustness and align with the government
climate goal of the energy transition. The potential heat suppliers of sustainable heat sources
is discussed in Section 3.1. The thermal storage system installed in the Ennatuurlijk-owned
substation has helped to mitigate the peak load demand. Even though there have been efforts
to address the issue of peak load demand, it is not feasible to only rely on single hot water
storage to eliminate the peak generation. Our simulation results, presented in a later
section (Section 4.1.2), support this conclusion. It highlights the importance of long-term
storage implementation. which is discussed in Section 3.2
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Chapter 3

Literature review - Design requirement and concept

To specify the design requirement, the challenge beyond the stakeholders’ wishes has to
be clarified first. Afterward, the wishes of stakeholders could be accurately translated into
design requirements and indicators for feasibility analysis. The design concept of sustainable
heat source utilization is researched in Section 3.1. The candidate of thermal storage
technologies will be reviewed in Section 3.2.

3.1 Sustainable heat source in Enschede area

The motivation behind exploring sustainable heat sources in Enschede’s DHs is driven by
the urgent need to reduce peak generation, accelerate the energy system transition, and secure
the heat supply. In our quest for these objectives, we explored four promising technologies:
solar-thermal, hydrogen fuel, power-to-heat (P2H), and industrial heat recovery. The selection
of candidates for sustainable heat implementation in the DHs is highly dependent on their
characteristics and compatibility with other components in DHs. Solar-thermal faced challenges
from the weather-dependent characteristic, while hydrogen demanded a vision for a future
hydrogen-based energy system. P2H’s easy implementation and versatility made it a standout.
Industry heat recovery offered simplicity and direct use of existing heat sources, further
enhancing our goal. Ultimately, P2H and industry Heat Recovery emerged as our final
selections. The explanation is detailed in the following section.

Solar-thermal technology uses sunlight directly with solar collectors to generate heat, but
the space for the installation of collectors and the need for significant energy storage capacity
are limiting factors for economic viability [3]. Finding suitable sites for large-scale solar thermal
projects in Enschede can be challenging, particularly considering competition from roof-
mounted solar PV systems, as highlighted in the RES Twente document [1].

The intermittency and seasonal fluctuation of solar irradiance are the challenges for solar
thermal systems. Although combining long-term TES with solar-thermal systems can facilitate
such issues, an extra temperature boost technique might still be required to lift the
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temperature level of long-term TES to the desired level for DHs [4]. Moreover, integrating the
dynamic variation of temperature in solar thermal systems, advanced control strategies, and
the integration of different heat transfer components are needed since DHs operate relatively
in constant and stable temperatures. Managing these temperature variations and meeting
diverse heat demands efficiently is a complex task. In [5] it is stated that frequent on-off control
of the solar circulation pump to manage the temperature level could significantly reduce the
system’s performance due to the high annual electricity consumption. Furthermore, situations
characterized by relatively low solar fractions may acquire additional long-term storage
installations, and this configuration is better suited for newly constructed energy-efficient
residences [6].

Hydrogen fuel can be used as a clean energy carrier, where hydrogen is produced using
renewable electricity. The green hydrogen can be utilized for heat demand in DHs, acting as a
good alternative to natural gas for DHs [7]. One of the promising concepts is power-to-
hydrogen in DHs to achieve energy integration among the power and thermal sectors [8]. For
example, by using low-temperature electrolysis, high production, and cheap electricity in
summer can be used to produce hydrogen. This system matches well with the goal the RES
Twente 1.0 in increasing the share of green electricity production. The waste heat of hydrogen
production can be recovered and supply the base load in DH. However, such a system is more
suitable for future DHs in low-supply temperatures since the limitation of temperature levels
from waste heat from hydrogen cells [9].

The implementation of hydrogen-based DHs requires the creation of a dedicated hydrogen
infrastructure including production facilities, storage tanks (or underground storage), pipelines,
and distribution networks. This infrastructure development comes with substantial costs and a
prolonged timeline. A case study by [10] delves into underground hydrogen storage in the
Netherlands, revealing that the most significant determinants affecting the Levelized Cost of
Heat Supply (LCOHS) is the investment in cushion gas and electricity expenses. Notably, cushion
gas investment stands out as the primary cost factor within the LCOHS, accounting for 76% of
the total levelized cost in scenarios involving one complete cycle of injection and withdrawal
per year. Another research [11] concluded that minimizing energy losses during hydrogen
production, and distribution in the form of waste heat between 50 °C and 90 °C is crucial for
achieving cost-effectiveness and sustainability

Power-to-heat (P2H) is a transformative energy process that involves converting surplus
electricity, often from renewable sources, into heat energy. This concept enables the efficient
utilization of excess power by directing it into heating systems, thereby promoting energy
integration and grid stability [12] [13]. Applying P2H technologies, specifically heat pumps (HP)
and electrical boilers (E-boiler), for DHs offers both potential and obstacles. When it comes
to addressing peak load in DHs, E-boilers tend to be more promising than heat pumps. E-
boilers offer immediate heat output and can quickly respond to changing heat demand. They
provide reliable and precise control, making them suitable for managing peak load periods
where high heat output is required promptly [14]. HP, although efficient during normal load
conditions, may struggle to provide sufficient heat output during peak load situations due to
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its dependence on external heat sources for the evaporator and its slower response times. The
uncertain supply of low-temperature heat sources for HP, for instance, if it is too cold or its
temperature fluctuates significantly, will reduce the output temperature of the condenser thus
limiting its thermal performance [15]. Moreover, the relatively low operational hours in peak-
load make the heat pump not financially attractive. Instead, an HP is more suitable for baseload
supply to avoid frequent ON/OFF switching [16]. Thus, the E-boiler is the optimal option for a
sustainable heat supply, particularly for peak load periods.

Industrial heat recovery for DHs benefits from the presence of existing heat sources within
industrial processes. By capturing and utilizing residual heat from industrial operations nearby,
it becomes relatively straightforward to integrate this recovered heat into DHs. The adoption
of residual heat in DHs is expected to expand significantly with the transition towards 4th
generation DHs [17]. In 4th generation DHs, harnessing surplus heat at 55°C has the
potential to effectively double the available excess heat resources for DHs. This opens up the
opportunity for industrial facilities situated within approximately a few km of DH zones to
actively contribute heat to the DHs, consequently enhancing the energy efficiency of the
system for industries as well as the DHs.

The industrial residual heat is a predictable and reliable heat source that can be harnessed
for DHs. Unlike renewable energy sources that depend on weather conditions, industrial
residual heat can be utilized via on-site heat exchangers and lifting the heat to higher
temperatures utilizing HP [18]. However, heat recovery from industries also presents certain
challenges. The insufficient public information on the quality and quantity of the waste heat
sources hinders its implementation in DHs [19]. The low willingness to participate in heat
recovery measures in industries can be another challenge due to the concern of disruption
to their primary processes or the possibility of compromising their operations.

3.1.1 Exploration of heat recovery from industries

To identify the potential residual heat from industrial processes, a method is used that primarily
examines the flow conditions, including temperature and the type of thermal carrier being
used. The low- and medium-temperature heat streams operating within or below the range of
100 °C are optimal for DHs due to the similarity with DHs supply temperature. Regarding the
types of thermal carriers, both liquid and gaseous streams are preferable for matching the
existing distribution system of DHs. Applying these criteria, four candidate
companies/industries in the Enschede area have been identified: Thales, AkzoNobel,
Vredestein, and local supermarkets. These companies have the potential to contribute to DHs
through the recovery and utilization of residual heat from their industrial processes.

Thales is a technology company and its operations involve a wide range of industrial
processes, such as manufacturing electronic components, and systems integration. These
processes often involve machinery, electronics, and various thermal processes, which could
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potentially generate waste heat suitable for recovery. Moreover, Thales demonstrates a strong
willingness to embrace heat recovery approaches in their operations. Since 2022, Thales has
deployed an energy usage and efficiency plan [20]. Through ongoing projects in Toulouse
and Blagnac, as well as in Elancourt, Thales aims to harness the waste heat generated by data
centers to provide heating for all buildings on the site. By identifying specific heat streams
within Thales’ operations, it is possible to assess their temperature profiles and compatibility
with DHs.

AkzoNobel is a multinational chemical company specializing in paints, coatings, and
specialty chemicals. Their operations cover a diverse range of industrial processes, including
production facilities for paints, coatings, and chemical intermediates. These processes of-
ten involve high-temperature reactions and heat-intensive operations, which may generate
residual heat that can be recovered and utilized for DHs purposes. AkzoNobel demonstrates a
strong commitment to sustainability through its emphasis on recycling and reusing processed
water [21]. Cooling purposes account for approximately 78% of their water usage. To
effectively manage wastewater, AkzoNobel employs on-site treatment plants. By
implementing appropriate water treatment and adjusting formulations, they successfully reuse
water within their plants. These efforts highlight the potential for AkzoNobel to explore and
capitalize on residual heat recovery in their operations. However, finding adequate data
sources can be challenging.

Vredestein is a tire manufacturing company known for its high-quality tires and rubber
products. The tire manufacturing process involves various stages, including mixing, extrusion,
curing, and finishing. These stages typically require significant energy inputs and generate heat
as a byproduct. However, finding adequate data sources can be challenging.

The local supermarket represents a candidate for residual heat recovery due to its
refrigeration and cooling systems. Supermarkets rely on refrigeration systems to maintain
the freshness of perishable goods, such as fruits, vegetables, and dairy products. These cooling
systems generate excess heat that can be captured and repurposed for DHs. The advantage of
the local supermarket in residual heat recovery lies in its stable availability. Supermarkets
operate consistently throughout the year, maintaining a continuous demand for refrigeration
to preserve perishable goods. As a result, the excess heat generated from the supermarket’s
cooling processes is readily available consistently. This stable availability of residual heat
ensures a reliable and consistent heat source for DHs, contributing to the overall efficiency
and stability of the system. Another advantage of heat recovered from the supermarket is its
minimal impact on the supermarket’s original process. Heat recovery from refrigeration
systems is typically achieved through the use of heat exchangers or heat pumps, which extract
residual heat without interfering with the primary cooling function. This means that the
supermarket’s ability to maintain appropriate temperatures for its products remains
unaffected, allowing the business to continue its operations without compromise.

By capitalizing on these advantages, the local supermarket becomes an attractive candidate
for DH applications among all chosen candidates. Given its widespread presence in urban areas
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and similar cooling systems between supermarkets, accessing residual heat is straightforward,
enabling both quantitative and qualitative identification of its potential. Moreover, the ease of
duplicating and scaling up the residual heat recovery system in supermarkets further enhances
their suitability as reliable heat sources for DH networks. According to RVO data collection
[22] adopted in June of 2023, there is potential for residual heat from local supermarkets. The
original refrigeration cooling process in supermarkets generates residual heat at temperatures
ranging from 30 to 45 °C, amounting to 1.83 TJ/year for a specific supermarket in the
Enschede area. By employing a heat pump for temperature lifting, this heat source can be
elevated to a suitable range of 60 to 80 °C, providing a total of 2.33 TJ/year. These
temperature levels are ideal for DHs. To facilitate simulation, the yearly residual heat energy is
translated into a daily profile, presenting as 110 kW during the daytime and 38 kW at night
over a year. This profile serves as an external heat source for our DH models. Our focus is
to assess the energy utilization of this residual heat through our designed storage system
and evaluate its potential for reducing peak loads. However, during the economic analysis, it is
important to consider the electricity requirements of the heat pump used for temperature
lifting. Further details on the economic analysis can be found in Section 6.2.

3.2 Long-term TES implementation

3.2.1 Cooperation between long-term TES and other components

Thermal energy storage (TES) can be categorized into short-term TES and long-term TES
based on the duration for which energy is stored. Short-term TES typically involves storing
energy for relatively brief periods, often within the span of hours to a day, to address
immediate demand fluctuations. In contrast, long-term TES stores energy over more
extended periods, ranging from weeks to months, to accommodate seasonal variations.
Long-term TES serves a crucial role in complementing the short-term TES’s storage
capabilities within DHs. While short-term TES addresses immediate peak demands and
short-term heat surpluses, long-term TES is responsible for storing surplus heat over
extended periods with low heat losses. Combining short-term TES and long-term TES can
balance the energy supply and demand more effectively. However, coordinating these two
different technologies in connection and control strategies poses a challenge. The main
difficulty arises from their incompatible response time and nominal power. To address this
issue, several studies have explored different system configurations. For instance, Sibbitt et al.
(2012) [23] used hot water storage (function as short-term TES) and borehole (function as
long-term TES) in solar DHs, transferring heat from borehole storage to hot water storage
when needed, and using a gas boiler as atemperature booster. Similarly, Rosato et al. (2020)
[24] charged borehole storage from hot water storage during low-demand periods and discharged
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it to maintain the temperature level of short-term TES. Renaldi et al. (2019) [25] used hot
water storage as a hub to connect other systems, including solar collectors, long-term TES,
and heat demand loops. The long-term TES serves as backup storage to ensure sufficient
energy is available in the short-term TES, reducing the need to operate the backup boiler.
These studies suggest that long-term TES can contribute to daily or weekly heat demand,
not just function as seasonal storage, making it possible for short-term TES to select its
storage capacity based on average heat load instead of peak load.

The integration of long-term TES becomes even more significant when coupled with
industrial heat recovery. A large storage capacity is essential for supporting the continuous
availability of residual heat. By having a substantial storage capacity, excess heat recovered
from the supermarket can be stored during periods of low heat demand and utilized during
peak demand. This effectively maximizes the utilization of residual heat resources, optimizing
energy efficiency and reducing potential heat wastage. This synergy between long-term
thermal storage and industrial heat recovery allows for enhanced peak load management and
optimized utilization of residual heat resources, supporting the sustainability and reliability of
DH systems.

3.2.2 Selection of long-term TES for district heating application

Recognizing and differentiating the functions of long-term thermal storage is vital for the se- lection
of suitable technology as it impacts energy allocation, control strategies, and design
decision-making. The aforementioned functions for long-term TES include large storage
capacity, low heat losses, and more critical, compatibility with the existing short-term TES (hot
water storage) in DHs in our case. When comparing long-term thermal storage techniques
for DH applications, several options stand out, including borehole thermal energy storage
(BTES), phase change materials (PCMs), and thermochemical energy storage (TCES).
BTES is a mature technology that utilizes the thermal energy stored in the ground. It
offers significant storage capacity but requires a large footprint, making it challenging to
implement in urban areas where space is limited. Additionally, BTES systems have higher
installation and maintenance costs, which can hinder their widespread adoption in DHs.
PCMs, on the other hand, provide an optimal option for long-term thermal storage. PCMs
can store and release thermal energy during phase transitions, such as solid-to-liquid or liquid-
to-gas transformations. This characteristic allows them to store energy over extended periods
with low heat losses. They have the advantage of high energy density and can store and
release heat at a specific phase change temperature. PCMs can be incorporated into
compact and modular storage systems, for instance, shape-stabilized PCM (ssPCMs) [26],
making them suitable for installation in various locations. The PCM storage system could
integrate the hot water tanks and the solar collectors for domestic applications [27].
However, one limitation of PCMs is their relatively low thermal conductivity, which may affect the
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rate of heat transfer and, therefore, the system’s responsiveness to varying heat demands.

TCES, a relatively newer approach, offers an interesting advantage over other
techniques. It utilizes reversible chemical reactions to store and release heat, enabling
longer-duration heat storage compared with BTES and PCMs. Besides, TCES offers higher
energy density compared to PCMs (2-20 times higher) and BTES (3-30 times higher) [28],
thus it can store a larger amount of energy within a smaller volume, allowing for more
efficient use of available storage space in an urban area. Moreover, TCES has the advantage
of being able to operate at a wider range of temperatures compared [29]. This flexibility
enables TCES to adapt to different heat sources and heat sinks, enhancing its applicability in
diverse DH scenarios, for example, adopting the transition from 3rd generation toward 4th
generation of DHs, or seamless cooperation with other storage techniques. Lastly, TCES
has the unique capability of not only providing heating but also cooling, making it versatile
for both seasonal energy storage and cooling demands in DHs [30] [31].

Despite being a newer technology, TCES offers a promising solution for long-term thermal
storage in DHs. Designing TCES systems introduces challenges that span various levels:
system, component, and material [32]. At the system level, achieving optimal integration into
existing DH systems while ensuring efficient energy conversion poses a significant challenge.
The compatibility of the storage system with the overall energy network, including control
strategies and load demands, requires careful consideration.

At the component level, the design must address the complex interaction of multiple
components like reactors, heat exchangers, and evaporator/condenser. Designing the reactor
and creating effective heat exchangers are important to achieve high heat storage capacity
and efficient heat transfer to accommodate the low thermal conductivity of TCM [33].
Furthermore, careful attention needs to be paid to the inclusion of an external reservoir to
provide the necessary water vapor for evaporation, such as a relatively lower temperature
water container within the range of 10 to 20 °C [29].

At the material level, identifying suitable materials that exhibit high energy storage capacity,
rapid reaction kinetics, and long-term stability under cyclic operation is challenging. Moreover,
the materials must be cost-effective and environmentally friendly [34] [35].
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Chapter 4

Design steps

4.1 Methodology

The methodology employed in this study consists of two main steps. Firstly, a DHs model
was developed to simulate heat generation, demand, and storage (Section 4.1.1). Followed
up by a simulation to find the relation between peak load generation and hot water storage
capacity (Section 4.1.2). Subsequently, a TCES component model was created to enable
adjustments to TCES’s storage capacity and operating conditions during the design phase
(Section 4.2.1). All models were developed using OpenModelica (version 4.0.0), an open-
source model-based modeling environment. The components of the DHs models, including
the CHP, heat exchangers, and pumps, were obtained from the Buildings libraries (version
9.0.0). the TCES component model was constructed using basic thermal components such
as thermal capacitors, thermal resistors, and thermal conductors.

4.1.1 Construction of the DHs Model

The configuration of the DHs model in this study is based on the DHs system in the
Enschede area. The DHs system operates with a supply line temperature of 75 °C and a
return line temperature of 45-50 °C. The primary heat supply for the DH system comes from
a CHP plant, with additional support provided by a natural gas-fired boiler. To enhance
performance, a hot water storage system has been integrated into the DHs. Other
descriptions of these focused DHs were mentioned in Section 2.4.

Primary and secondary network

The DHs model includes two heat networks, storage operation, and a control strategy for DHs.
The DHs schematic in this study (shown in Figure 4.1) includes a closed loop of pipelines
forming the primary network upstream of DHs, and a secondary network connected to the
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primary network through a heat substation. This configuration allows for separating the two
networks, enabling separate control over their characteristics in terms of quality
(temperature) and temporal variability (flow rate).
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Figure 4.1: The schematic illustrates the DHs components, which consist of heat generation
utilities like CHP and gas boiler, primary and secondary networks for heat
distribution, heat consumers for load, and a hot water tank for thermal storage.
The temperature control in DHs for 721 and T2 is achieved through flow rate
regulation using pumps located in the primary and secondary networks.

The CHP unit in the primary network operates consistently at a stable power level. In
contrast, the operational conditions in the secondary network are subject to greater
fluctuations, as it is directly influenced by the heat demand of end-users, which exhibits daily
and seasonal peak load demand. During peak load demand, a natural gas-fired boiler is
utilized as it can quickly ramp up. Decentralized thermal storage is installed in the secondary
network for peak load management, ensuring proximity to the consumer and requiring lower
storage temperature levels. The heat demand profile is derived from raw data obtained from
a heat substation in the Enschede area during 2019 and is correlated with the environmental

temperature in the same period.

Baseload and peak load definition

The primary network relies on CHP as a baseload heat source, as illustrated by the monthly
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variation profile (see Table 2.2). This monthly generation profile can cause two types of
supply-demand mismatch, namely overgeneration and undergeneration. Overgeneration
could occur when the baseload produced by CHP exceeds the transient heat demand, resulting
in excess heat that can either be stored or discarded. This amount is called redundant heat
from CHP in this study. In contrast, overgeneration could occur when the CHP is insufficient
to meet the heat demand, then the gas boiler is utilized to compensate. The requirement of
peak load generation from the gas boiler is called peak load generation in this study.

Hotwater storage charging and discharging

To minimize redundant heat from CHP and peak load generation, thermal storage installations
can be utilized. This involves charging the storage during overgeneration periods and
discharging it during undergeneration periods. As long as there is surplus heat from CHP
generation and sufficient space in the storage during overgeneration periods, unused hot water
will be injected into the water tank to store the excess heat. Conversely, during
undergeneration periods, the storage will be discharged by removing the hot water to support
the peak load and stop discharging when the peak demand period is over or the water level has
been depleted. The control strategy implemented for the storage will impact its (dis)charging
contributions, ultimately affecting the system’s effectiveness in reducing redundant heat and
peak load generation. Further details on storage control strategy are discussed in the later part
of “Temperature and flow rate regulation”.

This study simulates an indirect connection type of storage system, which separates the
storage from the DHs and operates at atmospheric pressure. In this configuration, the charging
(inflow) and discharging (outflow) are independently controlled using a pump and valve.
Additionally, a pressure vessel with the same volume of water in the storage tank is necessary
to maintain stable pressure in response to the changes in water flow into/from the storage.

Temperature and flow rate regulation

Temperature and flow regulation are distinguished from the flow transport temperature in the
different generation DHs. In Section 4.2, our focus is on 3rd generation DHs with a supply
temperature of 109 °C in the primary network, 75 °C for the supply line, and 50 °C for the
return line in the secondary network. In 4th generation DHs, the temperature is decreased to
80 °C and 60 °C for supply temperature in the primary and secondary network, respectively.
More discussion and results for the 4th generation DH are presented in Chapter 5.

The primary and secondary networks are both controlled by two pumps. The primary loop
flow rate myyriis regulated by a pump located in the primary network to maintain 7> at 75
°C in 3rd generation DH. The secondary network’s flow regulation msec aims to achieve the
desired return flow temperature (722) and is controlled by a pump located in the secondary
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network. Heat losses during transport in the secondary network are considered constant values
and incorporated as part of the heat demand in this study.

Heat losses during transport in the secondary network are considered constant values and
incorporated as part of the heat demand, thus the temperature drop along the transport path
is not considered in this study. Failure to consider the transportation loss might have
consequences, particularly in terms of component site selection and the potential need for
additional booster substations along the path. However, this study focuses solely on the
core components and their immediate performance in energy utilization and peak load
management. Thus, the approach in this study neglects the transportation losses and views
them as a systematic heat demand for the whole DHs.

4.1.2 Single storage system equipped with hot water storage

Figure 4.2 illustrates the improvement achieved in different storage capacities from the
perspective of three performance indicators, the peak generation on the gas boiler, redundant
heat on CHP, and the heat losses in storage. When the storage is full during charging periods,
the rest of the available heat from CHP generation cannot be utilized and will be wasted. This
amount of waste is called “redundant heat” in this study. Moreover, the thermal storage
system’s heat loss during operation is another significant performance indicator. These heat
losses result in a decrease in the temperature level of the storage system, reducing the quality
of heat for discharging, and resulting in extra peak load gas boilers generation.

Without any storage unit, a 12.7% peak load demand requirement is evident, as shown
in the same figure. Introducing a small storage volume of 50 m?® significantly improved the
performance. Peak load generation and redundant heat are reduced to half of the intrinsic
value. This result implies that the storage system with a small capacity is already capable of
fulfilling most of the daily charging and discharging demands. Increasing the storage water
volume can further enhance the system’s ability to improve the performance of these first two
indicators. However, beyond a certain point, increasing the water volume does not lead to
further improvement, as demonstrated by the peak load generation value plateauing at 2.7%
for a 1200 m3 water volume. This performance bottleneck is primarily due to heat losses in the
storage. The heat loss value is approaching the value of peak generation at a case of 1200 m?3
water volume. Thus, a new storage system with minimal heat loss is required.

The power profile of peak load generation is further investigated. The study identified
two conditions that can lead to peak load generation. The first condition occurs when the
water level in the storage tank drops below 1% of its full capacity as shown in Figure 4.3 (a),
(b), (c), and (d). While the second condition arises when the temperature of the discharging
flow falls below 75 °C, resulting in an additional flow rate from the pump at the secondary
network for flow compensation, which is indicated in Figure 4.3 (e).

An explanation of the second condition of peak load demonstrated in Figure 4.3 (e) is
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the temperature drop resulting from heat losses in storage. These losses cause a drop in
temperature, resulting in a discharge temperature that is inadequate to the DH supply line
temperature. When this discharge flow mixes with the DH supply line, the final temperature is
lower than the desired temperature of the supply line. To offset this temperature difference, a
higher flow rate is needed from the pump, which results in increased demand for peak
generation. Nonetheless, the power of this peak demand is relatively small compared to the
peak demand observed in the first condition of the peak load.
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Figure 4.2: Annual peak load generation, redundant heat from CHP supply, and storage heat
losses for various storage capacities of water volume in the single storage system.
It was observed that peak load generation reaches a performance limitation at
2.7% regardless of the increase in water volume. Moreover, the redundant heat
from the CHP is reduced as the water volume increases, meaning less energy is
wasted. However, heat losses increase over water volumes as more hot water is
stored in a hot water storage tank for a longer duration, resulting in more energy
being dissipated to the environment.
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Figure 4.3: The power of the peak gas boiler generation and the normalized water level profile
throughout a year in the case of a single storage of 800 m3. During periods when
the water tank approaches its minimum capacity indicated as (a), (b), (c), and (d),
the peak gas boiler generation is employed to compensate for the deficit between
heat demand and CHP, which is a higher value. In contrast, lower values in the
profile, which is below 50 kW and indicated as (e), result from the flow
compensation when the storage discharge temperature is below the supply line
temperature.

4.2 Feasibility of TCES storage in 3rd generation DHs

TCES system is considered an optimal option for long-term thermal storage in DHs due to
its operating temperature matching the heat demand temperature for domestic applications.
However, its fitness varies based on the operating conditions of DHs. Therefore, a test
was conducted to evaluate the integration of TCES in the 3rd generation DHs and assess
its impact. The objective of the test was to analyze the compatibility of TCES within the system,
understand its behavior, determine its contribution to peak load management, and compare it
with the current district heating system in Enschede to study the feasibility of its
implementation.

4.2.1 Development of TCES component model

The development of the TCES component model depends on the selection of the type of
reactor. A closed system with a fixed-bed reactor was used to implement TCES in this study.
Since heat transfer is the primary limitation in such systems, thermal behaviors play
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a dominant role in determining TCES’s characteristics. Furthermore, since water vapor
transportation is driven by the vapor pressure difference among the system components,
it facilitates a rapid transport process and manageable pressure control [36] [32] [30]. As
a result, the TCES component model simplifies fluid dynamics, assuming a uniform water
vapor concentration and distribution throughout the reactor in this work. The accuracy of
this model was ensured by comparing its simulation results with the numerical model on
three crucial metrics: hydration power, thermochemical material (TCM) conversion status,
and average TCM temperature. Moreover, the average power of the developed model is
compared with the empirical formula by AJ de Jong, etc. [32]. Details of comparison results
can be found in Appendix A.

Reaction Kinetic of TCM

The kinetic model employed to describe the energy conversion rate of de(hydration) reaction
relies on three variables: TCM temperature, TCM conversion status, and vapor pressure.
Equation 4.1 illustrates that this model can be parameterized by the temperature of the TCM
(T), the conversion status of TCM (a), and water vapor partial pressure (P).

Given its high reaction enthalpy of 91.32 kJ/mol and system energy density of 0.96
GJ/ m? in a closed system [37], Potassium Carbonate (K2CQO3) is an ideal energy medium
for TCES. Moreover, the discharge temperature range of Kx2COs is appropriate for fulfilling
domestic heat demands in built environments (64 - 75 °C), and the temperature of the heat
source for the evaporator is close to the ambient temperature (14 - 24 °C) as shown in Figure
4.4,

In this study, the hydration reaction parameters for K,COs were K = 2.7 X 1079 [1/s], E =
—34828 [J/mol], and g = 0.7, while the dehydration reaction parameters were k = 225 [1/s], E
= 43382 [J/mol], and g = 0.8 (Equation 4.1). These values were obtained by calibrating
experimental data from TGA measurements [39]. The equilibrium line of K2CO3 [40] is utilized
as the equilibrium pressure formulation for all kinetic models (Equation 4.2).

. B (4.1)
({i — I&rif'ﬁ(l —a)!(1 - chl
dt D

7337 (4.2)

Peq = 4.228 X 102exp=T

R

Heat transfer of TCES reactor bed and heat exchanger

To account for the spatial temperature gradient in the TCES reactor bed, a two-dimensional
discrete matrix has been incorporated into the TCES component model (see Figure 4.5).
The heat capacitor and thermal conductance elements in the matrix are used to simulate
heat accumulation and heat conduction inside the reactor bed.
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Figure 4.4: Phase diagram of KxCO:s is indicated by blue line [38]. Liquid — gas equilibrium
of water is indicated by the orange line. A water vapor pressure of 15 mbar
corresponds to a TCM equilibrium temperature of 64 °C, and at least 14 °C of
heat source for the evaporator is required. To utilize high TCM temperatures up
to 75 °C, the required evaporator pressure is 30 mbar, and the heat source for
the evaporator at least to be 30 °C.

To present the entire TCM bulk inside the reactor bed, the TCM bulk is divided into (m x n)
elements, where each element is represented as a heat capacitor with a designed mass in
the unit of [J/K]. For thermal conduction, the thermal conductance of each element in the
matrix is calculated by Equation 4.3, considering the TCM’s thermal conductivity (Ar cm ), the
contact area with other TCM elements nearby (Amn), and the distance between TCM (Lmn)
elements. The heat source in each discretized element can be calculated by the following

equation 4.4.
CTTTR-H - /\TCJ’U 447n.ﬂ.;}JL'?n.n (43)
(’gf'eaction.m-n [LTI ] = h?'eaction[’l“'];/ LQ] X anCﬂf.m-n[A‘g] X oo, []_ffs] (44)
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Figure 4.5: A matrix layout of a 2D discrete TCES component model with dimensions (m,n).
It is a simplified version of a numerical model. The x-coordinate represents both
the direction of the TCM bed length and the flow direction of heat transfer fluid
in the heat exchanger, while the y-coordinate represents the depth of the TCM
bed. The 2D matrix TCES (m,n) incorporates various heat transfer mechanisms
within the TCM bed, such as reaction heat, thermal conduction between TCM,
and convective heat transfer involving the heat exchanger and TCM bed.

4.2.2 Subsystem of TCES in 3rd DHs

the TCES subsystem comprises the TCES reactor, condenser/evaporator, vapor reservoirs,
hot water storage (2nd), and the E-boiler, as depicted in Figure 4.6. The TCM is positioned
within the TCES reactor. The evaporator connects to vapor reservoirs, utilizing heat from the
hot water storage (2nd) for evaporation. Additionally, the E-boiler, situated close to the DHs
supply line, elevates the flow temperature to the desired level. Further operational details
during the charging and discharging phases of the TCES subsystem are elaborated below.
Figure 4.6 (a) demonstrates the TCES subsystem’s charging mode, where the DH supply
line is utilized as a high-temperature heat source. To charge the TCES, the system draws
the flow directly from the DH supply line and then returns it to the DH return line. However,
when TCES operates at 12 mbar in charging mode, the TCES system’s outflow temperature is
still at a medium level, 61 °C (see Figure 4.4), which is still higher than the return flow
temperature of 50 °C. Directly flowing back the TCES outflow and mixing with the DH return
line will increase the DH return flow temperature, leading to low heat transfer efficiency with
the primary network in the heat exchanger. Moreover, the temperature gap between the
TCES outflow and the DH return line will result in redundant heat on the CHP, as heat from
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the CHP is not fully utilized. To tackle this issue, a two-step charging approach is used.

A small hot water storage unit, referred to as the “hot water storage (2nd)”, is installed
downstream of the TCES system and before the DH return line, functioning as a second step
of charging that reserves the available heat before the TCES outflow returns to the DH return
line. The stored heat in the hot water storage (2nd) can then be used later to meet peak load
and provide the evaporator with the required evaporation heat during the discharging period.

the TCES discharging process, illustrated in Figure 4.6 (b), utilizes the DH return flow to

discharge the TCES system. The hot water storage (2nd) unit supports the TCES system
during discharging mode, serving as the heat source for the evaporator heat and the heat to
preheat part of the discharging flow.

During TCES discharging, the required heat for the evaporator is extracted from the hot
water storage (2nd) unit with low-temperature heat ranging from 13 to 24 °C, depending
on the evaporator pressure. The temperature level of the hot water storage (2nd) unit is
monitored to ensure the required heat for the evaporator is reserved and prepared for the
hydration reaction.

Additionally, to increase the utilization of heat in the hot water storage (2nd) unit, the
hot water storage (2nd) unit can also contribute to peak load demand by preheating the
discharge flow from the return line partly. By distributing part of the discharging flow to the
hot water storage (2nd) unit, the energy stored in the hot water storage (2nd) unit can be
better utilized, increasing the cycle frequency of the hot water storage (2nd) unit. Thus, a
two-stream discharge approach is used. The discharging flow is split into two streams, with
one flowing toward the hot water storage (2nd) unit and the rest toward the TCES reactor.
Both streams will mix afterward and flow toward DH secondary supply line. However, it is
observed that the mixed streams do not consistently reach the desired supply line
temperature. This is primarily due to limitations in the TCES’s ability to consistently
generate the desired temperature level for the discharging flow, particularly toward the end of the
TCES’s discharging cycle. Similar temperature limitations are also observed in the stream
flowing through the 2nd hot water storage. To ensure that the mixed flow consistently
meets the required temperature criteria, an E-boiler is added to lift the temperature of the
mixed flow to match the supply line temperature.

4.2.3 Control strategy for hot water storage and TCES

Coordinating hot water storage and TCES storage systems can be challenging due to their
mismatch in response time and nominal power. To overcome this challenge, a strategy of
charging and discharging for the dual storage system is developed. During the charging
period, hot water storage should be given priority for charging, as it has a rapid response
time and is suitable for abrupt changes in heat demand. TCES can be charged when there
is surplus heat left from hot water storage charging, for example, when the water level in
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Figure 4.6: The charging mode (a) and discharging mode (b) of the dual storage system.
The dual storage system gives priority to 1st hot water storage during charging
mode. If 1st hot water storage is full, the remaining charging heat is used to charge
TCES and 2nd hot water storage. During discharging mode, 1st hot water storage
is given priority. TCES system starts the discharging process when 1st hot water
storage is empty. The discharge stream is distributed to TCES and hot water
storage (2nd). An E-boiler is installed upstream of TCES to maintain a 75 °C
discharged flow.

storage is full. During peak demand, it is best to prioritize the use of hot water storage for
discharge, with TCES acting as a backup. TCES should not be solely relied upon due to its
slow ramp-up of discharging power, which could result in inadequate peak load shaving.

Optimizing the control strategy for the transition from hot water storage to TCES during
peak load demand is crucial for effective peak load management in the system. One
approach to achieve this is by distributing the discharging task between the two storage
units. As previously mentioned, TCES functions as a backup for hot water storage, being
triggered by specific conditions. To initiate the operation of TCES at the appropriate time,
two types of checking signals have been tested to evaluate their performance in reducing
peak load generation. The first signal is the absolute value control, where TCES is activated
only when the state of charge (SOC) of the hot water storage (or water height level) drops
below a certain predetermined value. This ensures that TCES is engaged when the hot
water
storage is nearing depletion.

The second type of signal, gradient control, focuses on the rate of change in water level.
It checks the time gradient of the water level change and assesses if the current SOC of the hot
water storage is capable of withstanding the anticipated peak demand for the upcoming hours.
By considering the rate of change, the control system can better predict the storage capacity
required for the expected peak load period.
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When one of the control signals confirms that the energy level of the hot water storage is
deemed safe, the hot water storage unit takes full responsibility for the discharging task. This
ensures that the available energy in the hot water storage is utilized before relying on the
TCES. In situations where the energy level of the hot water storage is insufficient to meet all
the incoming peak load, the TCES is initiated and partially shares the peak load generation
task. This allows the TCES to provide additional energy to supplement the hot water storage
and meet the peak load demand. By introducing the TCES early and operating both storage
units in parallel, sudden high power output requirements from the TCES can be avoided,
resulting in a smoother and more stable operation.

In situations where the hot water storage is fully depleted and unable to contribute to the
discharging task, the entire burden shifts to the TCES. In this scenario, the TCES becomes
the sole provider of energy to meet the peak load demand, which is not the preferred
situation for TCES. Nevertheless, this approach guarantees the continued effective
operation of the system even when the hot water storage is completely exhausted. In the
event of insufficient energy support from the TCES, a final backup heat source will be utilized
to fulfill the remaining peak load requirement. Therefore, a control strategy for operating both hot
water storage and TCES has been developed based on the operating priority and is
presented in Figure 4.7.

4.2.4 Dual storage system with hot water storage and TCES system

To increase storage capacity without increasing water capacity volume and the consequent
effect of heat losses, a TCES system is introduced to form a dual thermal storage system,
wherein the first hot water storage capacity remains fixed at 200 m3 while the TCES system
is added to expand the storage capacity. The study findings from the single storage scenario
suggest that the primary storage is optimal for a water volume ranging from 200 m3 to 400
m3 (see Figure 4.2). Beyond this range, there is a decrease in the improvement in peak load
reduction due to heat losses as previously discussed. Thus, a water capacity volume of 200
m3 is chosen for the first hot water storage.

A power profile of the peak gas boiler in dual thermal storage is presented in Figure 4.8.
Comparing it with Figure 4.3 in which both cases share the same heat storage capacity, the
dual storage case experiences less high power value of peak gas boiler generation than the
single storage system. It is mainly due to the maintained TCES energy level. The peak value
is only observed when the TCES capacity reaches its minimum as indicated (d) in Figure 4.8.

To determine the optimal combination of parameters for the TCES system, a thorough
sensitivity analysis is conducted. the TCES system configuration is altered by two sets of
parameters: the storage volume of the TCES subsystem for varying storage capacities, and
the evaporator pressure of the TCES for varying discharging temperatures. As previously
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Figure 4.7: Decision tree for the control strategy of the dual storage system in the discharging
period. Discharging priority is given to utilizing hot water storage, and TCES is
used when the water level is in an emergent condition determined by the control
signal. These critical values, such as the percentage of water level threshold and
the ratio of power contribution from each storage, are obtained through

optimization.
stated, the water volume at the 1st hot water storage is kept constant at 200 m? in the
sensitivity analysis.
4.2.5 Sensibility analysis
Variable 1: Storage capacity of TCES system

The total storage capacity of the dual thermal storage system is determined by two storage
units: a 1st hot water storage unit which is fixed at 200 m?3 in the sensitivity analysis, and
a TCES unit with a variable storage capacity in the sensitivity analysis. The capacity of the
TCES unit is determined by the volume of the TCM and the water volume in the hot water
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Figure 4.8: The power of the peak boiler generation profile, the profile of normalized water level
profile, and TCES state of charge throughout a year in the case of dual thermal
storage of 200 m3 water volume (1st), TCM 50 m3, and 100 m3 water volume
(2nd). The overall storage capacity is equivalent to 800 m3 of water volume as
same in Figure 4.3. As supported by TCES, the peak load only happens when
both storage approaches their minimum capacity at the same time, for
example, the period indicated as (d). Moreover, the low value, as indicated (e),
is observed to be smaller than Figure 4.3.

storage (2nd) unit. In the sensitivity analysis, the TCM volume is considered a variable with four
levels, ranging from 30 m3 to 90 m3 with increments of 20 m3. Meanwhile, the volume of the
hot water storage (2nd) is changed with TCM volume and determined based on the energy
requirement for the TCES hydration reaction. In this study, the volume of the hot water storage
(2nd) is varied from 75 m3 to 150 m3 in increments of 25 m3. The decision to determine the
volume of the hot water storage (2nd) is driven by the hot water storage capacity needed to
supply sufficient energy for evaporation heat during the hydration reaction. The hot water
storage (2nd) capacity is capable of supplying the amount of evaporation heat that is equivalent
to 50 % of the TCM volume through a hydration reaction. As illustrated in Figure 4.6, a heat
exchanger is connected to the hot water storage (2nd) unit to heat the flow from the vapor
reservoir to the required temperature for evaporation, which provides energy to the
evaporator loop. Therefore, the water volume in the hot water storage (2nd) unit must increase
proportionally to the increase in TCM volume for sufficient evaporation heat.
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Variable 2: Evaporator pressure of TCES

The evaporator pressure of TCES strongly affects the hydration temperature of TCM and,
consequently the maximum TCES discharging temperature. Higher evaporator pressure
enables higher TCES discharging temperature, reducing reliance on the downstream E-
boiler (see Figure 4.6) for achieving the desired supply line temperature. In the sensitivity
analysis, the evaporator pressure of TCES is varied from 15 mbar to 30 mbar in 5 mbar
increments. The corresponding hydration temperatures range from 64 °C to 75 °C (see
Figure 4.4). Additionally, temperature control is implemented on the heat exchanger connected to
the 2nd storage unit to ensure that the hydration reaction occurs under the desired
conditions.

4.2.6 Results and Discussion

Annual peak gas boiler generation

Figure 4.9 illustrates simulation outcomes for annual peak boiler generation in single and
dual storage setups. The dual storage configuration exhibits lower peak energy demands
compared to the single storage design. This decrease is attributed to TCES preserving
energy levels in storage, reducing reliance on the peak gas boiler due to maintained energy
levels. Within the dual storage approach, TCES’s remaining capacity allows continuous
discharge, enabling the downstream E-boiler to maintain required flow temperatures.
Additionally, dual thermal storage’s advantage in peak reduction comes from even load
distribution across two units. Regulating discharge flow between these units prevents storage
depletion, ensuring continuous discharge. Moreover, the figure reveals that larger TCM volumes
correspond to reduced annual peak generation at constant evaporator pressure. Larger
storage capacity increases stored energy, bolstering energy supply security. However, for
the same storage capacity, higher evaporator pressure yields the highest annual peak boiler
generation. More energy extraction from TCES storage under elevated evaporator
pressures is offset by simultaneous energy depletion, heightening storage’s low energy
level risk.

Power profile of peak gas boiler and its nominal power

Figure 4.10 illustrates storage capacity’s influence on nominal peak generation power over
operation in dual thermal storage at two evaporator pressures. Each case’s maximum peak
power is numbered in the same figure. Results reveal that a peak power value lower than 766
kW (single storage’s 800 m® water peak power demand) is achieved only when TCM volume
surpasses 70 m?3 at both 15 mbar and 25 mbar. High peak power emerges when storage energy
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depletes (second peak generation condition). To mitigate peak values, sufficient energy during
the high discharge-demand period is crucial, and it can be achieved by equipping with a large
TCM volume for storage capacity. Furthermore, comparing TCM 30 m?3 at 15 mbar and 25
mbar, larger TCM volumes and lower pressure yield fewer high values in the peak power
profile. For instance, at 15 mbar, peak power over 400 kW persists for

2.6 hours, while at 25 mbar, it’s 3.25 hours. Longer high-power operation occurs at 25 mbar.
Similar trends emerge for peak power over 100 kW: 7.25 hours at 15 mbar and 11.75 hours at
25 mbar. Lower evaporator pressure retains more energy, reducing peak load generation
from the gas boiler, especially for the first peak generation condition. Additionally, dual
thermal storage cases have smaller second-condition peak power, attributed to the E-boiler
elevating TCES discharge temperature to the supply line level, reducing peak gas boiler flow
compensation needs.

100%

75%

50%
- II I I
0%

Single storage Dual storage Dual storage Dual storage Dual storage
(Peva = 15 mbar) (Peva =20 mbar) (Peva =25 mbar) (Peva = 30 mbar)

Normalized peak generation to base case

B 640 m? water m (200 + 100) m? water, 50 m> TCS
® 800 m? water B (200 + 125) m? water, 70 m> TCS
950 m? water (200 + 150) m* water, 90 m* TCS

Figure 4.9: The annual peak generation of a peak gas boiler with the overall storage capacity
of single and dual storage systems. Results showed that, in the dual storage
system, the annual peak generation was lower than that of the single storage
system, particularly at large TCM volumes and low evaporator pressures.

Heat losses composition

The finding of peak generation discussed in the previous section indicates that the selection
of low evaporator pressure in TCES and large TCM volume is optimal for reducing annual
energy and the nominal power of peak generation. However, this desired condition creates
a conflict situation due to heat loss control. A larger hot water storage (2nd) unit is required
along with a large TCM volume since the hot water storage (2nd) unit is crucial for energy
preparation during TCES discharging (heat source for evaporator). The detailed analysis of
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heat losses as demonstrated in Figure 4.11 reveals that heat losses from the hot water
storage (2nd) unit are the bottleneck of storage efficiency. In the dual storage system, the
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Figure 4.10: The peak generation power and its operating hours in a dual thermal storage
system at evaporator pressure 15 mbar (a) and 25 mbar (b). The TCM volume
varies between 30 m3 to 90 m3. The nominal peak generation power of the year

is depicted in the figure, with a higher value indicating a need for a larger- sized
of gas boiler.

overall heat losses across all storage units are comparable to those observed in the single
storage system. For the situation with a TCM volume of 70m3, the overall heat loss is
1.64 %, which is comparable to that of the single storage system (1.77 %). The heat loss
from hot water storage (2nd) is 0.51 %, accounting for one-third of overall heat losses. The
amount of TCES storage capacity constitutes 63% of all storage capacity in the scenarios
with TCM volumes of 70 m3. However, contrary to expectations, increasing the portion of
TCES capacity did not result in a reduction of heat losses. These findings suggest that
increasing the TCES capacity beyond a particular threshold does not significantly reduce
the overall heat losses, as the heat losses from the hot water storage (2nd) unit become
notable.

Why TCES is not technically feasible in 3rd generation DHs

Although optimal combinations of large TCES storage capacity and low evaporator pressure
for the reduction of peak generation are found from the sensitivity analysis, increasing the
TCES capacity results in higher heat losses due to the extra hot water storage (2nd hot water
storage) added to the TCES system. This extra hot water storage is necessary since it
prepares the energy required for the evaporator heat during the hydration reaction, thus creating
a conflict situation of causing more heat losses when having more TCES contribution to
DHs. This conflict over having extra hot water storage has identified the TCES system’s
performance bottleneck concerning the evaporation heat source. This finding offers valuable
insights for designing TCES systems in the 3rd generation of DHs and underscores the
importance of considering the energy required for evaporation when simulating TCES systems.
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Figure 4.11: Comparison of heat loss composition between a single storage system with
800 m?3 of hot water storage and a dual storage system consisting of 200 m3 of
the 1st hot water storage, 70 m3 of TCM, and 125 m3 of the hot water storage
(2nd) in three different evaporator pressure. These four scenarios have the same
overall storage capacity and in 3rd DHs

In future scenarios for the 4th generation of DHs with lower supply line temperatures, TCES
can play a more significant role since the evaporator pressure is lower and the energy for
evaporation can be obtained directly from the environment. Additionally, this approach could
eliminate the need for an E-boiler if the discharging temperature can meet the supply line
temperature directly. Under such circumstances, the conflict between TCES capacity and
heat loss control can be better managed, which is the focus of the next chapter.
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Chapter 5

Conclusions and recommendations

TCES in 3rd generation DHs

While the study underscores the feasibility of TCES as a long-term thermal storage option
for DHs, its application within 3rd generation DHs presents specific technical challenges.
The proposed dual storage system exhibits promising reductions in peak gas boiler usage.
Despite the sensitivity analysis indicating optimal configurations involving large TCES storage
capacities and low evaporator pressures, the introduction of additional hot water storage (2nd
hot water storage) leads to heightened heat losses with increased TCES capacity. These findings
suggest that increasing the TCES capacity beyond a particular threshold does not significantly
reduce the overall heat losses, as the 2nd hot water storage unit remains a performance
bottleneck. Consequently, this study highlights the TCES system’s limitations in the context of
3rd generation DHs, especially in managing the balance between TCES capacity and heat loss
control. The findings provide valuable insights into the design considerations of TCES systems
for the upcoming 4th generation DHs, wherein lower supply line temperatures could potentially
mitigate these challenges.
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