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ARTICLE INFO ABSTRACT
Keywords: This research assesses the potential of a mobile thermochemical storage system, the mobile heat battery (M-HB),
Thermochemical heat storage for decarbonizing a low-temperature district heating (DH) system in the Netherlands. The assessment is built on a

District heating

Waste heat recovery

Building performance simulation
Decarbonization

case study where the M-HB is used to transport waste heat from different sources to a neighborhood interface of a
DH system. This case study utilizes a simulation-based methodology to calculate the emissions from grid elec-
tricity, DH, and M-HB transport and charging. Building performance simulation is used as the main experimental
method in combination with both empirical data and theoretical assumptions. Various system operational
strategies and uncertain factors are explored, and waste heat sources are screened by different decarbonization
targets. Findings indicate that using the M-HB can reduce the operational carbon emissions by up to 80 %, from
approximately 60-70 KgCOy/GJ of the system without M-HB to around 13 KgCO,/GJ in optimal scenarios.
Emissions from M-HB transport and charging are identified as more influential to the decarbonization potential
than other considered factors, which addresses the significance of choosing proper waste heat sources. Despite
some limitations from data availability and assumptions, this work identifies both opportunities and challenges
for using M-HB to decarbonize DH systems.

energy factors of various DH networks in the Netherlands, with indi-
vidual dots denoting distinct systems. The observed emission factors for
these systems range from 6 to 130 KgCO2/GJ of heat in 2021, and 5 to
125 KgCO4/GJ of heat in 2022. The variation in their emission factors,
as indicated by the color-coded data points, is largely influenced by the
proportion of peak/backup natural gas used in the total energy mix. This
underscores the significant decarbonization potential of sustainably
replacing high-emission peak energy sources and effectively managing
demand fluctuations.

Adopting energy storage is a proven approach to achieving these
goals, and diverse energy storage technologies are applied in this sector
including both thermal energy storage (TES) and electrochemical energy
storage (Parra et al., 2017). Towards the application in heating practice,
thermal energy storage stands out for its cost-effectiveness (Parra et al.,
2017; Zhou & Liu, 2023). TES systems can relieve the intermittency of
energy from renewable sources (Guelpa & Verda, 2019) and can play a
significant role in the transition toward carbon-neural district energy
communities (Zhou & Liu, 2023). The literature provides diverse cases
where TES is applied to decarbonize district heating, covering
large-scale seasonal configurations (Maximov et al., 2021), compact

1. Introduction
1.1. Low-temperature district heating and mobile thermal energy storage

The shift towards low-temperature district heating (DH) systems is
essential for enhancing energy efficiency and mitigating environmental
impacts (Lund et al., 2014). These systems, operating at around 45 °C to
55 °C, facilitate the integration of low-emission energy sources. How-
ever, they frequently face a mismatch between the production of
low-emission heat and consumer demand, especially during peak pe-
riods. This discrepancy often leads to a reliance on high-emission backup
sources to fill the gap, diminishing the system’s environmental benefits.
The European Emission Trading System 2 (ETS 2) extends this impact
also to the economic perspective as it enables the trading of carbon
emissions (European Commission, 2023). This issue exists not only in
low-temperature DH systems but also in those with higher operation
temperatures. The performance of existing DH networks in the
Netherlands can provide some evidence.

Fig. 1 displays the annual average carbon emission and primary
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Nomenclature

Abbreviations

API Application programming interface

BPS Building performance simulation

CuU Charging unit for the mobile heat battery

CV(RMSE) Coefficient of the variation of the root mean square error

DH District heating

DHW Domestic hot water

DU Discharging unit for the mobile heat battery

HP Water-to-water heat pump at the substation

KPI Key performance indicator

MAPE Mean absolute percentage error

M-HB Mobile heat battery

M-TES  Mobile (mobilized) thermal energy storage

R Radiator groups in the buildings

SoC State of charge of the heat battery

TES Thermal energy storage

Symbols

COP"B 4 Coefficient of performance of the heat battery for
discharging

COP™  Coefficient of performance of the heat pump

e e Electricity consumed by the heating system

ef Emission factor of the heating system

ef " Emission factor for charging heat battery

ef PH Emission factor for heat from district heating

ef cle Emission factor for grid electricity

ef ™™ Emission factor for transporting heat battery

m Subscript to indicate the number of discharging strategies

n Subscript to indicate the number of uncertain scenarios

ntB The number of mobile heat batteries transported to the
substation

[ Operational strategy for the mobile heat battery

q¢ Heat delivered from the substation to buildings

qP? Heat extracted from the district heating

q'® Heating output power from the heat battery

QB Heat stored in the heat battery

g Heating output power from the heat pump

R, Thermal resistance of the construction

s Scenarios for the considered factors

toy Supply water temperature of the district heating system

tais Discharging water temperature

tour Outdoor air temperature

toub Supply water temperature of the substation

B d Discharging efficiency of the heat battery

T Time

70 Start the calendar year

7y End of the calendar year

building-integrated ones (Ju et al., 2023), or a combination of both types
(Pans et al., 2024). The TES systems can either be integrated into a
single-source district heating system (Siddiqui et al., 2021) or be
coupled with heat and power co-generation (Jokinen et al., 2022).
Building on the foundation of TES, mobilized thermal energy storage
(M-TES) introduces another dimension to TES by transporting energy
from such low-emission sources as industrial waste heat to the demand
side, as showcased in Guo et al. (2022); Mir6 et al. (2016). M-TES’s
flexibility and adaptability make it particularly valuable for the resilient
and efficient operation of DH systems (Du et al., 2021). Multiple TES
technologies have been explored in this mobilized configuration,
including sensible heat storage (Kuang et al., 2022), latent heat storage
(Liu et al., 2022), and thermochemical ones (Zeng et al., 2023). Despite
the advantages, sensible and latent heat storage systems, while common,
face some limitations such as the physical properties of materials. These
limitations include lower energy density and higher thermal losses,
which can impact their efficiency and space effectiveness. In contrast,
thermochemical storage offers higher energy density and negligible
thermal losses, making it a more efficient and space-effective alternative
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Fig. 1. Scatter plots illustrating the primary energy factor versus the emission
factor of Dutch DH systems for the years 2021 (left) and 2022 (right). Data
sourced from Eneco (2023); Ennatuurlijk (2023); Vattenfall (2023).

for thermal energy transportation according to Zeng et al. (2023).

1.2. Quantification under uncertainty: the research gap

As a novel technology, thermochemical heat storage has attracted
widespread research interest (Yan & Zhang, 2022). At the material level,
research efforts have primarily focused on enhancing the adsorption
properties of adsorbents, a critical factor in improving system efficiency
(Bennici et al., 2022; Xu et al., 2019). On system level, studies aim to
augment the overall process of heat generation, transformation, and
utilization, necessitating a broader scope that includes not only material
optimization but also the design and integration of these systems
(Gautam & Saini, 2020; Rouhani et al., 2019). However, there are
challenges for thermochemical heat storage systems in their practical
applications. A notable gap still exists in the quantitative evaluation of
these systems due to their limited commercial application in DH net-
works and the shortcomings of existing evaluation approaches such as
the high costs associated with experimental setups and the complexity of
developing physics-based models. This has led to a lack of empirical
data, highlighting the need for targeted research and pilot projects to
explore their scalability in DH, efficiency, and cost-effectiveness (Kant &
Pitchumani, 2022).

As an innovative M-TES, a mobile heat battery (M-HB) is investigated
as the focus of this research because of its relatively high level of tech-
nology readiness and the availability of sufficient performance data for a
quantitative evaluation. It is built on the reversible hydration of potas-
sium carbonate (K2CO3) composites and encased in standard intermodal
containers (Cellcius BV, 2023) as depicted in Fig. 2. The M-HB provides
a storage capacity of around 10 GJ and a discharging power up to 100
kW. It has an electricity-driven mechanical system that ensures efficient
and continuous thermal power for charging and discharging.

Given the crucial need to understand the potential of this type of
system, this study poses a research question: How effective is the
integration of a mobile thermochemical heat battery in reducing
operational carbon emissions in low-temperature DH systems? This
question seeks to bridge the mentioned knowledge gap and identify the
possible role of thermochemical heat storage solutions in DH systems.
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Fig. 2. Picture of the mobile heat battery (Cellcius BV, 2023).

1.3. Novelty and contribution

To answer the above research question, this study undertakes an
exploratory case study of using the M-HB in a low-temperature DH
system in the Netherlands. The main research objective is to quantify the
decarbonization potential of the M-HB by mapping its functions with the
practical needs of a neighborhood connected to the DH system, and the
primary hypothesis of the case study is that the integration of the M-HB
could reduce the operational carbon emissions from the DH system.
Considering the various uncertainties and data availability, this work
selects building performance simulation (BPS) as the main research
method, which has been applied in district-level building energy
modeling (Elci et al., 2018; Johari et al, 2023) as well as
single-building-level performance assessment of a compact heat battery
(Wang et al., 2023a). BPS enables the analysis of complex building en-
ergy models efficiently and economically, avoiding the high costs
associated with empirical experimentation (Loonen et al., 2019). Based
on the validation and verification of the models and simulation
approach, the decarbonization potential of the M-HB is assessed under
12 operational strategies and 48 variant scenarios. The concept of a
‘waste heat harvest circle’ is proposed to encompass those waste heat
sources that are theoretically feasible for the M-HB to provide the
decarbonization benefit. The main contributions of this work include:

e Quantifying Decarbonization Potential: this paper provides an

innovative analysis of the decarbonization potential for the novel M-

HBs in the context of future DH and electricity grid scenarios. Both

the proposed quantification method and the calculated operational

emission factor of heating can add valuable information to the
existing literature.

Operational Strategy Assessment: The study defines and examines

various operational strategies, emphasizing the importance of

context in the effective use of M-HBs and providing insights essential
for various stakeholders including the DH operator, heat battery
developer, and waste heat supplier.

e Waste Heat Source Classification and Screening: The study
geographically classifies the waste heat sources for different decar-
bonization targets using the waste heat harvest circle concept,
highlighting opportunities for cascade utilization of the waste heat in
the Netherlands and the commercial integration of M-HBs into the
built environment.

The next chapter of this paper describes the case study background,
addressing the target neighborhood, the potential stakeholders, and
waste heat recovery possibilities in the Netherlands. Chapter 3 explains
the workflow of the simulation study, including assumptions, experi-
mental design, modeling, and simulation approach. Chapter 4 presents a
verification of the simulation results and compares some data to
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available benchmark values. Chapter 5 is a further analysis of the
simulation outcomes to illustrate the decarbonization potential and the
waste heat harvest circle. Chapter 6 includes a discussion of the meth-
odology and a comparative analysis with other alternatives. Chapter 7
synthesizes the key findings and conclusions, providing insights into the
decarbonization potential, efficient operational strategies, waste heat
source selection, and implications for the further development of this
technology.

2. Methodology — background analysis
2.1. Where — the target neighborhood

In the Netherlands, terraced and corner houses account for over 3
million homes, comprising approximately 42 % of the total housing
stock. This prevalence makes the corresponding residential commu-
nities, typically consisting of at least three terraced houses, the most
common ones in the country (Statistics Netherlands - CBS, 2023b).
Therefore, this study selected such a nationally representative neigh-
borhood to make the quantification more applicable to the whole
country. Fig. 3 shows the layout of the buildings in the selected neigh-
borhood and its composition of different households based on the de-
mographic data from Statistics Netherlands - CBS (2023a).

The neighborhood consists of 29 post-war houses in the Dutch city of
Eindhoven. The neighborhood has been included in the city’s ambitious
shift towards sustainable heating, as it lies within the planned district
heating network powered by the local wastewater treatment plant
(Municipality of Eindhoven, 2023). These buildings have been reno-
vated to improve energy efficiency, as documented by Woonbedrijf and
BAM Wonen (2021). Historically reliant on gas boilers for heating, the
residences had a yearly natural gas consumption exceeding 1300 m®
before the renovation (Statistics Netherlands - CBS, 2023a), with no
post-renovation data for this specific neighborhood available. The po-
tential influence of this data gap is discussed in the result chapter.
However, recent average data of the whole city still suggest continued
high gas usage, highlighting the critical role this neighborhood plays in
demonstrating effective decarbonization strategies within the country’s
energy transition efforts.

2.2. Who - stakeholders

Various stakeholders may benefit from the decarbonization,
including the municipality, DH operators, waste heat suppliers, home-
owners, and heat battery developers. The municipality is keen on pro-
moting innovative, sustainable energy solutions and can support

————————— Demographic information -————————-

0 W&
Single Senior Young Senior Nuclear
adult couple couple family

10% 25% 10% 20%

Fig. 3. Satellite image and demographic information of the selected
neighborhood.
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projects through policy incentives. DH operators need to integrate reli-
able and cost-effective heat sources, focusing on maintaining system
efficiency and customer satisfaction. Industrial waste heat suppliers aim
to efficiently utilize waste heat, thereby enhancing their sustainability
profile and potentially benefiting from incentives or avoiding penalties.
Homeowners seek affordable, sustainable heating with minimal
disruption, and their collective acceptance is crucial. Heat battery de-
velopers aim to demonstrate their technology’s effectiveness, seeking
market opportunities and driving sustainable energy storage innovation.
The common interest of all mentioned stakeholders is to reduce the
carbon emissions from the heating sector in this neighborhood while
minimizing cost and disruption.

2.3. How - waste heat recovery

Transporting waste heat to the target neighborhood holds promise
for reducing its heating system’s carbon emissions, with the available
heat sources across the Netherlands considered. Fig. 4 reveals that waste
heat sources with temperatures over 70 °C appear in almost every Dutch
province. Two prominent clusters of waste heat sources are located near
the port in Rotterdam and along the River Maas in Limburg. These
clusters are approximately 100 km away from the targeted neighbor-
hood in Eindhoven when measured by road.

However, as the size and shape of the dots in Fig. 4 denote, there are
still many sources with no specific thermal power reported (squares in
the map). Even those reported ones do not include sufficient information
to construct a waste heat profile for further calculations. Therefore, this
study defines some assumptions on waste heat supply patterns, based on
existing data, with an in-depth explanation available in the
methodology.

3. Methodology - simulation study

To quantify the decarbonization potential of transporting waste heat
to the target neighborhood by M-HBs, this study conducts a series of
experiments and analyses with specific boundary conditions, dependent
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Fig. 4. Distribution of waste heat source (> 70 °C) in the Netherlands reported
in the Warmte Atlas (Rijksdienst voor Ondernemend Nederland - RvO, 2023).
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variables, and independent variables. The boundary conditions for these
experiments are controlled and grounded in actual data and rational
assumptions. The potential is quantified using a key performance indi-
cator (KPI), which is dependent on several inputs reflecting the possible
independent variations within and external to the system. Given the
large scale of variations, building performance simulation is used as the
main experimental method. It is both time-efficient and cost-effective,
allowing for the analysis of complex interactions over extended pe-
riods without the impracticalities and expense of real-world experi-
mentation (Loonen et al., 2019; Pan et al., 2023).

Fig. 5 presents the methodological framework and calculation scope
of this simulation study. There are three steps for calculating and
analyzing the KPI, namely pre-processing & experimental design,
modeling & simulation, and post-processing & analysis. The first step,
pre-processing & experimental design, involves gathering data from
literature or stakeholder communication and defining the dependent
variables, independent variables, and controlled conditions for the ex-
periments. Secondly, in the modeling & simulation step, the perfor-
mance models of the buildings, M-HB, and the DH system are
constructed, validated, and implemented in BPS. Based on verified
simulation outcomes, the third step, post-processing & analysis, evalu-
ates the calculated KPI values within the defined assumptions and de-
livers the estimated potential to support the decision-making.

The KP1 is derived from literature review and stakeholders’ common
interest mentioned in 2.2. It quantifies the total system’s operational
carbon emissions (per GJ delivered heat) from consuming grid electricity,
consuming heat from DH, plus the emissions from transport and charging
of the M-HB, as shown in the green area of Fig. 5. This green area denotes
the scope of carbon emissions that are included in the calculation. The
product carbon footprint of the M-HB is not included due to current
limitations in accurately quantifying the emissions associated with its
production and lifecycle. The KPI is calculated by this formula:

Tefse(e)es (¢) -+ ef P (1) () + (ef™™ + efs )i (o)
T = 45a(7) a

@

The total system’s emission factor ef, , (kgCO2/GJ heat) reflects the
heating system’s emissions under operational strategy m and scenario n.
Time is denoted by 7, with 7o and 7, as the start and end of the year,
respectively. Emission factors ef*®, ef’", ef™, and ef*"*" (kgCO2/MWh
electricity,KgCO2/GJ heat, kgCO, per heat battery) represent emissions
related to grid electricity, consumed heat from DH, battery transport,
and charging emissions. Energy variables e, ", and q? (electric or
heating powers in MW) capture the heating system’s electricity con-
sumption rate, DH thermal rate, and neighborhood heat consumption
rate (MW), while n8 counts the heat batteries used annually.

3.1. Assumptions and design of experiments

As formula (1) indicates, the calculation of ef, , requires information
that is not directly dependent on the neighborhood (ef<*¢, ef’H, ef™a™,
and ef"™"), and outputs from the neighborhood’s model of energy con-
sumption (e, ¢”", ¢q% and n'P). Assumptions are necessary for
completing this calculation. These assumptions are based on the data

availability introduced in the background part.

3.1.1. Boundary conditions

As stated by Lund et al. (2014), one of the development trends for
future DH is its integration with smart electricity grids, potentially
through centralized heat pumps (HP). The electricity consumed by the
HP can cause carbon emissions if it is imported from the grid. In the
Netherlands, there is a platform, CO; Monitor (NetAnders, 2023), which
computes and disseminates the emission factor for the electricity mix
within the Dutch power grid.
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Fig. 5. Methodology and scope of the simulation study.

Fig. 6 showcases the time series data for the years 2021 and 2022 resulting in four scenarios: Eindhoven 2021, Leeuwarden 2021,
acquired from the platform. Notably, this emission factor exhibits sig- Eindhoven 2022, and Leeuwarden 2022 as illustrated by the violin
nificant fluctuations, ranging from 100 to over 400 KgCO,/MWh of plot in the (a) part of Fig. 7. This division accounts for both yearly
electricity annually, and demonstrates obvious seasonal and diurnal variations in the electricity mix and weather pattern differences between
patterns. These patterns result from the variable contributions of the northern and southern regions of the Netherlands. Weather data is

renewable energy sources, such as solar and wind, to the overall elec-
tricity production. This study employs hourly time series of ef?® (for .

y P Y emp . v . Y . . fe ( Outdoor air temperature, °C
both 2021 and 2022) as presented in Fig. 6, creating two distinct sce- 15 5 5 15 25 35
narios. These are further combined with location-specific weather data, ) )
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Fig. 7. Scenarios of (a) weather pattern (violin plot below shows the hourly
Fig. 6. Hourly emission factor of the electricity mix in the Netherlands in 2021 data) and (b) assumed emission factor for DH (ejDH) as functions (line graph
and 2022 (NetAnders, 2023). above) of outdoor air temperature.
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sourced from Koninklijk Nederlands Meteorologisch Instituut - KNMI
(2023).

Due to the absence of DH emission factor data with hourly resolu-
tion, this case study utilizes the yearly values in Fig. 1 as a reference for
numerical ranges and the trend lines introduced by Averfalk et al.
(2023). The ¢/’ is modeled as temperature-dependent, accounting for
increased emissions from gas boilers during colder peak times. The line
graph in the (b) part of Fig. 7 illustrates two scenarios: a ’steep’ sce-
nario assumes a clean primary heat source with significant ef’" in-
creases from peak-shaving gas boilers, and a ’gentle’ scenario assumes
a dirtier primary source with a lesser impact from peak-shaving.

The ef™"™ and ef"%" are largely influenced by the waste heat source
and its location. Transportation of a M-HB might cause approximately
10 KgCO,, for a 20 km electric train round-trip (considering a 20-ton heat
battery) based on the data from Klein et al. (2021); or 400 KgCO5, for a
100 km diesel truck round-trip. This study treats waste heat as
emission-free, but charging the heat battery consumes electricity.
Charging emissions vary: roughly 20 KgCO, under ideal conditions
(high charging temperature for around 20 charging COP, and low grid
electricity emissions as ef® ~ 150 KgCO,/MWh) or 100 KgCO- with
less favorable conditions (charging COP ~ 10, and high grid electricity
emissions as ef ~ 350 KgCO,/MWh). To account for these un-
certainties, two scenarios are posited: a ’30/HB’ scenario (ef”™ + e har
= 30 KgCO,, per battery) and a ’500/HB’ scenario (ef™™™ + e har _ 500
KgCO, per battery).

3.1.2. Neighborhood assumptions

The renovation of the buildings in the targeted neighborhood is
assumed to increase their insulation level to the R, value of 2.5 m%-K/W
as described in Wang et al. (2023b). Assumptions of occupant behavior
for consuming heat are based on statistics from different datasets. The
household types are derived from the demographic data of the selected
neighborhood as shown in Fig. 3 (Statistics Netherlands - CBS, 2023a).
Space heating thermostat setpoints are established from the WoON 2018
dataset (Ministerie van Binnenlandse Zaken en Koninkrijksrelaties
(BZK) and Centraal Bureau voor de Statistiek (CBS), 2019) and profiles
clustered by Luyi Xu (personal communication in 2023). Moreover,
domestic hot water consumption profiles are generated using the SIM-
DEUM tool whose applications are comprehensively summarized by
Blokker et al. (2017). This study defines three scenarios of heat con-
sumption in this neighborhood: low-demand, base-demand, and
high-demand scenarios. In the base-demand scenario, different types
of households use different thermostat profiles and hot water patterns.
Households of single seniors or senior couples are assumed to have

(W) Weather-compensated supply temperature control

°oC

High efP#

-15 -5 .5 15
Outdoor air temperature, °C

Supply temperature,

(0) Original (benchmark) system configuration

HP

household x

household 1

substation

DH grid
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higher consumption than those of single adults or young couples. In the
other two scenarios, heat consumption consistently varies, either higher
or lower for all households.

The neighborhood is assumed to be heated by the heating system
presented in Fig. 8. For simplification and clarification, details such as
valves and bypasses have been removed from this figure. There are three
main sectors in the system, namely the DH grid, the substation, and the
building systems in each household. The DH grid operates based on a
weather-compensated strategy with its supply temperature adjusted
based on outdoor air temperature (Averfalk et al., 2023). The substation
follows the same trend but contains a water-to-water heat pump to boost
the temperature for domestic hot water preparation. The M-HB is
charged by the waste heat source where a charging unit is integrated
into the industrial process for capturing heat. A fully charged heat bat-
tery is then transported to the neighborhood where a discharging unit is
plugged into the substation allowing the heat battery to release heat
upon discharging signal. The plugged M-HB can either preheat the water
for the HP or completely bypass the HP to supply heat independently.
The charging and discharging of the heat battery follow designated
strategies as shown in Table 1.

The defined operational strategies (0; ~ 012) of the M-HB cover the
combinations of 2 supply patterns and 6 discharging modes. The M-HB is
assumed to be supplied whenever the one plugged into the substation is
empty (07 ~ 0¢) or only at the start of each week (07 ~ 0;2). Discharging
is triggered by either ef °le to minimize COy-intensive electricity use (o;
~ 03, 07 ~ 09), OT t,, to manage peak loads in cold periods and support
heat pumps in warm periods (04 ~ 06, 010 ~ 012)-

Table 1
Operational strategies for supplying and discharging the M-HB.

Strategy Supply at Discharging when*

01 Anytime ef ¢ > 200

02 Anytime ef % > 300

03 Anytime ef ¥ > 400

04 Anytime (tour < 5) or (toye > 10)
05 Anytime (toue < 0) O (toue > 15)
06 Anytime (tour < —5) or (tour > 20)
0, Monday 0AM ef ¢ > 200

0g Monday 0AM ef % > 300

09 Monday 0AM ef e - 400

010 Monday 0AM (tour < 5) O (tour > 10)
011 Monday 0AM (tour < 0) or (toy > 15)
012 Monday 0AM (toue < —5) or (toue > 20)

* precondition: buffer tank temperature ( ty, and state-of-charge of the
plugged heat battery ) 0 %.

(p) Proposed system configuration with mobile heat battery integration

Industrial
process

household 1 household x

substation

DH grid

Fig. 8. Schematic representation of the system configuration with (p) and without (o) M-HB integration, and the control (w) of their supply temperature. (tpy: supply
temperature of the DH grid; ty: supply temperature of the substation; ef”™: emission factor of the heat from the DH system; M-HB: mobile heat battery; CU: charging
unit; DU: discharging unit; HP: water-to-water heat pump; DHW: domestic hot water consumption; R: radiator group).
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3.1.3. Experimental design

The variants in all aspects listed in Table 2 result in 48 combined
scenarios (s; ~ s4g). For instance, s; is the combination of Eindhoven
2021, steep, low-demand, and 30/HB. In each scenario, the operational
strategies (0; ~ 072) from Table 1 are applied, necessitating a minimum
of 576 individual simulation runs for the system integrating the heat
battery. Additionally, the original system configuration (without the
heat battery) is examined for benchmarking, using assumptions aligned
with all combined scenarios excluding those related to the heat battery’s
emissions (24 in total). Consequently, the study encompasses a total of at
least 600 (576+24) simulations to comprehensively investigate the
outlined setup. Initially, 24 simulations for the system without the heat
battery are conducted to both test the experimental method and estab-
lish KPI benchmarks. Subsequently, the remaining 576 experiments are
carried out to quantify the decarbonization potential and analyze the
underlying assumptions.

3.2. Modeling and simulation approach

3.2.1. Modelling and validation

To calculate the system’s operational emissions, the ¢” and ¢ can
be directly taken as outputs of the simulations whereas e and n”® need
extra calculations:

elec _ qHP (T) qHB (T) atx
() = Gopw(z) T copmain T 2)
B
qHB(‘L') — ”HB.d(T)_w’O S QHB S 10GJ (3)
HB _ g™ (7)
e / 75421067 " @

70

The electricity consumption comes from the water-to-water heat
pump, the discharging unit of the heat battery, and other auxiliary
equipment like the pump, as explained in (2). ¢ and ¢'’® are the
heating output powers of the heat pump and heat battery. COP™® and
COP"B4 are the coefficient of performance for the heat pump and for
discharging the heat battery. e™™ denotes the electric power of auxiliary
equipment. The heat discharged from the plugged heat battery (¢"’%) is
calculated based on a discharging efficiency (/%% and the change of
thermal energy stored in the heat battery (Q™™), as described by (3). The
number of yearly-consumed M-HB is calculated based on the discharg-
ing of every plugged heat battery according to (4). The COP of the heat
pump (COP™P) is calculated with an equation-fit model in Design
Builder’s library, as illustrated in Fig. 9.

The heat battery’s developer created a detailed first principle model
based on lab experiments, which is capable of predicting various state
variables using inputs like porosity and air pressure. Although accurate,
this model is computationally expensive. This work trained a surrogate
neural network model with the first principle model for the discharging
process, and optimized it for use with BPS tools. This model inputs fluid
temperature, mass flow rate, and targeted discharging power, and out-
puts discharging temperature (tg;s), discharging COP (COP"B%) and ef-
ficiency (nHB'd).

The training process of this neural network is similar with (Wang
et al., 2023a), but this study updated the training data that fit the

Table 2

Variants of mentioned scenarios.
Weather and ef*'* e Heat consumption ef ™ 4 efhar
Eindhoven 2021 Steep low-demand 30/HB
Eindhoven 2022 Gentle base-demand 500/HB

Leeuwarden 2021
Leeuwarden 2022

high-demand

Sustainable Cities and Society 113 (2024) 105657

=)}

Water
temperature
at the
evaporator
(source)
inlet, °C

i

I

COP of the water-to-water heat pump

w

45 50 55 60 65
Water temperature at the condenser (load) inlet, °C

Fig. 9. Curves of equations for modeling the water-to-water heat pump in
this study.

M-HB’s scale and trained it with TensorFlow and Keras in Python.
Table 3 provides a comparison of the prediction accuracy and the vali-
dation criteria via the index of Coefficient of the Variation of the Root
Mean Square Error CV(RMSE) and Mean Absolute Percentage Error -
MAPE. The neural network is validated to predict the tg, COP*®< 4B
4 with acceptable accuracy according to the criteria in (Ruiz & Bandera,
2017; Swanson, 2015).

The models for calculating space heating and domestic hot water in
each house are based on the previously stated neighborhood assump-
tions. Space heating is simulated using a thermostat setpoint schedule
that varies between 15 and 20 °C in different scenarios. Domestic hot
water consumption is modeled using daily profile libraries tailored to
each household type, with an average usage of about 40 liters per
occupant per day in the base scenario, in line with (NEN, 2023). These
models are validated by comparing the simulated heating demand with
actual statistics and solid literature information.

3.2.2. Simulation and verification

To undertake the 600 simulations required by this case study, the
open-source tool EnergyPlus was chosen for its flexible application
programming interface (API) and the efficient multi-processing capa-
bilities with Eppy. Fig. 10 presents the systematic framework set up for
running parallel EnergyPlus simulations each day, which integrates
customized plugin models. The DHW profile is updated daily using a
random selection from the predefined library, ensuring varied daily
usage patterns. The heat battery’s integration into EnergyPlus is ach-
ieved through the PlantComponent: UserDefined object, which simu-
lates the discharging heat exchanger’s operation. Python scripts
developed from EnergyPlusPlugin classes are employed to manage the
discharging process’s energy balance and control logic, thereby effec-
tively capturing the heat battery’s dynamics in the building energy
model.

To verify the framework, multiple test runs were executed to check
key outcomes such as room air temperature, domestic hot water supply
temperature, heat battery performance, and the implementation of
various operational strategies. These checks ensured the model’s reli-
ability in simulating actual building conditions and the effective

Table 3

Test set prediction accuracy and criteria.
Index tais nHB’d copHBd Criteria
CV(RMSE) 0.1 % 2.3% 6.2 % 15.0 %*
MAPE 0.1 % 3.5% 2.7 % 5.0 %**

* from Ruiz and Bandera (2017).
™ from Swanson (2015).
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Fig. 10. Framework for parallel EnergyPlus simulations with plugin models.

integration of the heat battery system.
4. Results - verification and comparison to the benchmark

To ensure the operational strategies were correctly implemented, a
period with significant fluctuations in ef?® and t,, was analyzed, as
depicted in Fig. 11. The discharging periods, highlighted by the light
green area and bounded by the discharging threshold and signal, indi-
cate when the heat battery was activated to offset carbon emissions from
other sources. These periods align with the thermal energy contributions
from each source at the substation, and the heat delivery pattern mirrors
the neighborhood’s demand, with peaks during nighttime and lower
levels during the day, confirming the strategies’ effective execution. The
discharging frequency accurately reflects the different operational
strategies but is also influenced by the heat battery’s supply pattern.

Fig. 12 further substantiates the difference between continuous and
weekly supply patterns, with the latter’s influence evident in the sharp
increases in State-of-Charge (SoC) when the battery is changed. During
colder periods, the necessity for the heat battery is pronounced, but the
weekly supply (0o) effectively reduces the number of batteries used (n'’?)
as intended. Over the year, this pattern (og) results in reducing the

100%

50%

100%

50%

ol
ROEPT I @0‘3 & S

SoC of plugged heat battery, (green area)
(s1reys) Joquunu A10j3eq JBOY POWINSUO))

Y:)Qa ,‘_‘,@Q OC}' ee“ 025‘

Fig. 12. Annual State-of-Charge (SoC) fluctuations (green area) and accumu-
lated consumption count (grey lines) of the M-HB at the substation under
continuous (0z) and weekly (og) supply operations (related scenarios: Eind-
hoven 2021 and base demand).
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transport frequency compared to the continuous supply (o03), confirming
the effective and correct implementation of the operational strategies in
the simulation.

For the system without M-HB integration, the annual heat con-
sumption intensity is calculated based on the simulation results. As
Fig. 13 presents, the heat consumed for space heating and DHW is
around 50 to over 100 kWh per square meter floor area per year, and it
varies on the weather, building types, and demand scenarios. These
simulation results were benchmarked against regional statistics and a
national survey for validation. The Dutch Central Agency for Statistics
(Statistics Netherlands - CBS, 2023b) reports that corner houses in
Leeuwarden and Eindhoven consumed above 1400 m® of gas in 2021,
and over 1100 m® in 2022, while mid-terraced houses consumed 1250
m® and 990 m® in these two years. Assuming 10 m® of gas per occupant
for cooking (Boris van Beijnum & Ruud van den Wijngaart, 2023) and 95
% boiler efficiency, the heat consumption intensity for a corner house is
estimated at 125 kWh/(rnZAyear) in 2021, and 100 kWh/(mZ-year) in
2022. Similarly, a mid-terraced house’s intensity is calculated at 110
kWh/(m2~year) in 2021 and 85 kWh/(mz-year) in 2022. These figures
form an upper boundary for the simulation results in Fig. 13, which is
logical given the difference in insulation levels between the current
housing stock and the renovated neighborhood.

The national survey of WoON 2012 (Ministerie van Binnenlandse
Zaken en Koninkrijksrelaties, 2014) also provide some reference values,
indicating a range between 35 and 190 kWh/(m? year) for renovated
terraced houses built in similar years to those in this case study. The
boxplot in Fig. 13 illustrates this range and covers all the data points
from simulation outcomes. However, the data in this survey is from over
10 years ago and the 2018 version does not provide precise energy
consumption figures. Consequently, the median of the boxplot is rela-
tively higher than all simulation outcomes, which can be explained by
increasing gas prices, changing climate, and other factors. This differ-
ence also aligns with the trend of heating degree days in the
Netherlands. Data from the International Energy Agency (IEA, 2022)
indicates a general downward trend in heating degree days (with a
reference temperature of 16 °C) from the survey period of WoON 2012
to the years 2021 and 2022. Table 16 in (NEN, 2017) provides annual
specific heat demands of approximately 70 kWh/(rn2~year) for corner
houses and 40 kWh/(mz-year) for terraced houses. Though calculated
under specific conditions and not intended for precise validation, they
can offer a lower boundary for Fig. 13.

The simulation results for domestic hot water consumption lead to a
level between 35 and 50 liters hot water per person per day, with
assumed low/base/high demand scenarios reflected as shown in Fig. 14.
(NEN, 2023) cites about 40 liters per person per day for hot water
consumption, aligning with the simulation results in Fig. 14. This value
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Fig. 14. Simulation results for daily hot water consumption for preparing DHW
in multiple scenarios (Eindhoven/Leeuwarden, 2021/2022, low/base/high
demand), where the dashed line is the average benchmark value in
(NEN, 2023).

and consumption scenarios, supporting the validity of the consumption
model employed in the simulations. The low, base, and high demand
scenarios were distinctly differentiated as anticipated, further affirming
the model’s reliability.

5. Results - the decarbonization potential
5.1. The potential and its sensitivity to key assumptions

Fig. 15 presents the simulation results of the M-HB’s decarbonization
potential under various operational strategies, differentiating between
30/HB and 500/HB scenarios. The figure displays ridgeline plots that
represent the distribution of emission factor values for each strategy.
These ridgelines are ordered according to their deviation from the
benchmark, which is the system operating without the heat battery. As
the bottom part of Fig. 15 shows, strategies o3, 02, and 04 are notable for
their significant influence on the emission factor: they reduce emissions
by up to 80 % in the 30/HB scenario, but cause an increase of about 10 %
in the 500/HB scenario. The ef is generally more sensitive to the oper-
ational strategy in 30/HB scenario than in 500/HB scenario. These two
scenarios represent the extreme possibility of charging and
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Fig. 13. Simulation results for the heat consumption intensity of the buildings
in this neighborhood, where dashed lines are benchmark values based on data
from Statistics Netherlands - CBS (2023b) and boxplot based on data from
Ministerie van Binnenlandse Zaken en Koninkrijksrelaties (2014).

Emission factor for heating (ef), kgCO,/GJ

Fig. 15. Ridgeline plots comparing the emission factor (ef) of the system
without heat battery (w/o HB) and the system with heat battery under all
defined operating strategies (O = [01, 02, 03, ..., 012]).
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transportation emissions, so the ef is very likely to be enveloped by the
range between them and tends to be lower than the benchmark
considering the general trend. This impact is linked to the high dis-
charging frequency and continuous waste heat supply in these strate-
gies, as previously detailed in Fig. 11. However, the frequent
transportation and replacement of the M-HB could potentially be
disruptive to the local community. Therefore, it is important to consider
the emission factor in relation to the number of times the M-HB (n'’?) is
transported, which is analyzed in the next paragraph.

Fig. 16 presents the decarbonization potential of the M-HB together
with the number of round-trips, and it shows how sensitive the ef is to
various assumptions. As the top-left and bottom-left parts of Fig. 16
display, the emission factor associated with charging and transportation
is the most significant determinant of decarbonization potential,
standing out from other factors. The 30/HB and 500/HB scenarios
exhibit opposing trends in emission factor changes when the number of
heat battery transportations (n'’F) increases, suggesting a threshold
value for the effectiveness of decarbonization through M-HB use. The
*steep” and "gentle’ scenarios, which represent different emission levels
from DH, do not alter the outcomes significantly in any trend, implying
that this factor may be of minor importance or that the range of as-
sumptions may be too narrow to detect an effect. Additionally, scenarios
considering varying heat consumption patterns and weather conditions
show that greater heat demand—caused by either colder weather or
intensive consumption habits—leads to increased transportation "B
but does not necessarily enhance or diminish the decarbonization
potential.

5.2. Waste heat harvest circles

Given the importance of the charging and transportation emissions
identified above, a further exploration of this factor is done. Between the
30/HB and the 500/HB scenarios, two more scenarios for charging and
transportation emissions are added, namely the 180/HB and the 360/HB
scenarios.

Fig. 17 shows the calculated heating emission factor with a theo-
retical circle, the diameter of which is derived from the assumed ef™™
reference values divided by reference values for three different trans-
portation modalities. The radius of the circle represents the direct-line
distance, rather than the actual travel distance, between the neighbor-
hood and each potential waste heat source, delineating the feasible area
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for waste heat capture. For example, an ef™ of 160 KgCO,/HB and a
transportation emission of 0.2 KgCOy/(ton-km) equate to a 20 km
radius, implying a corresponding round-trip distance of 40 km for waste
heat recovery. The circles in each map denote different levels of carbon
emissions associated with charging and transporting a M-HB within this
range, and each map represents a specific means of transportation.

When transportation results in emissions of approximately 0.2
KgCOy/(ton-km), equivalent to emissions from diesel trucks (Klein et al.,
2021), the 30/HB scenario yields a circle with a 1.3 km radius, which
encompasses virtually no waste heat sources. This scenario is visually
represented by a small green circle in the leftmost map. A 180/HB
scenario, indicated by the larger light green circle on the same map,
shows a modest increase in the area covered, including a few additional
waste heat sources near the neighborhood. Conversely, in the 500/HB
scenario, the incorporation of a heat battery within the neighborhood
appears to negate the decarbonization benefits, as the light grey circle
nearly marks the limit of where this technology remains feasible.

Changing the transportation method to a combination of electric
trains and diesel trucks expands the radius for each scenario, as shown
by the middle map in Fig. 17. Under these conditions, the 360/HB sce-
nario becomes viable for accessing some waste heat sources, particularly
those proximal to the River Maas and the Port of Rotterdam. Shifting
entirely to transportation via electric trains would substantially widen
the radius, as illustrated by the large light green circle on the rightmost
map, which would then encompass waste heat sources distributed
throughout the entire country.

6. Discussion
6.1. Limitations in method, assumptions, and results

This case study was conducted using a simulation-based approach
that integrates both empirical data and theoretical assumptions. The
reliance on this approach, while valuable, inherently introduces un-
certainties into the predicted outcomes, challenging the robustness of
the findings. The potential limitations in the method, assumptions, and
results of this study are summarized as follows.

The historical data for grid electricity emission factors reflects the
current status in the Netherlands, but it is important to note that this
factor is subject to significant variation in the coming decades due to
political, economic, and environmental factors. In a possible future
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Fig. 17. Heating emission factor ef and waste heat harvest circles in different scenarios.

scenario, more renewable energy may be incorporated into the grid, and
the decarbonization potential of the M-HB system might decrease since
the benchmark system can already utilize low-emission electricity.
Given the dynamic nature of energy landscapes, it’s imperative to
incorporate various grid decarbonization scenarios into future analyses
to assess their impact on the efficacy of M-HB systems. Nevertheless, the
M-HB’s flexibility allows for adaptive strategies in response to shifts in
the energy landscape. For instance, it can be utilized to mitigate grid
congestion resulting from peak periods of renewable energy production.

The "gentle" and "steep” scenarios for DH emissions may not capture
the full range of possibilities, and actual emissions can vary per system.
But in a DH system with low or zero emissions, the role of a M-HB may
transition to serving as a peak or backup heat source. The case study
demonstrates this potential by showing how the M-HB, with its 100 kW
thermal output, can temporarily replace the heat supply from DH and
local electricity grids.

While the models utilized have undergone validation through
various methods, it’s critical to continuously assess and refine them to
minimize the potential for predictive inaccuracies that could compro-
mise the integrity of the results. For instance, a 1 % error in predicting
the heat battery’s discharge COP could result in a similar margin of error
in the electrical energy consumed during discharge, potentially affecting
the decarbonization potential estimates. To mitigate such impacts, this
study has focused on maintaining an acceptable accuracy index.

6.2. Brief comparison with other alternatives

This study juxtaposes the established heating framework of a
neighborhood with a novel setup that incorporates a M-HB. It is
important to note that these are not the only two options available; a
variety of alternative waste heat transport methods and comprehensive
heating solutions exist for consideration. A comparative analysis of all
these systems is out of the scope of this paper. However, below a short
discussion is provided.

While this study focuses on the integration of M-HBs, it’s essential to
acknowledge alternative waste heat transport methods and heating so-
lutions. Sensible and latent heat storage technologies, for instance, offer
distinct advantages such as rapid discharge capabilities but are plagued
by significant storage losses and limited energy density. In our case
study, the duration between two discharging signals to the heat battery
can be very long. For instance, as shown in Fig. 12, a storage capacity of
10 GJ was depleted over an entire month, which is impossible for those
TES systems with significant storage loss. Moreover, the high energy
density of the M-HB results in fewer than 100 transportation events
annually in this scenario, a figure that could increase with alternatives
possessing lower energy densities, potentially leading to greater
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disturbance within the neighborhood.

The neighborhood under study also has access to other heating op-
tions, including distributed air-to-water heat pumps, gas boilers, or
centralized DH systems. Preliminary calculations suggest that an air-to-
water heat pump with a COP of 3 and an ef**° of 100 KgCO/MWh could
have an ef of approximately 120 KgCO,/GJ—twice that of the bench-
mark system. A gas boiler, with a 90 % conversion efficiency, might
yield an ef of about 63 KgCOy/GJ, which aligns closely with the
benchmark and therefore is generally higher than the system integrating
a heat battery. DH systems, as exemplified in Fig. 1, would benefit more
from the direct utilization of clean energy sources in low-emission
configurations such as the systems at the bottom-left corner in Fig. 1
with ef°™ values lower than 30 KgCO,/GJ., while higher-emission sys-
tems could see improvements through the integration of the heat bat-
tery, especially for those at the top-right corner in Fig. 1 with ef°" values
higher than 80 KgCO2/GJ.

7. Conclusion

This study embarks on a comprehensive evaluation of the decar-
bonization potential of M-HBs in low-temperature DH systems, based on
theoretical assumptions and empirical data in the context of the
Netherlands. The research methodology centers around an analysis of
the system’s operational carbon emissions (per GJ delivered heat) from
consuming grid electricity, consuming heat from DH, plus the emissions
from transport and charging of the M-HB. The key findings include:

Broad Decarbonization Potential: The utilization of M-HBs dem-
onstrates a remarkable potential for slashing carbon emissions, with
scenarios revealing staggering reductions of up to 80 % from initial
levels of 60 to 70 KgCO2/GJ down to a mere 13 KgCO2/GJ.

Strategic Operational Efficiency: This study underscores the stra-
tegic efficiency of specific operational strategies, particularly those
ensuring continuous waste heat supply (03, 02, and o4) in the 30/HB
scenario, suggesting promising avenues for substantial emission re-
ductions. However, the variability in impact highlights the critical
importance of carefully considering M-HB charging and transportation
mechanisms.

Waste Heat Harvest Circle Insights: The examination of the waste
heat harvest circle offers crucial insights into the practicality of waste
heat recovery. From the limited reach observed in the 30/HB scenario
using diesel trucks to the extensive range enabled by a combination of
electric trains and trucks, transportation methods and emission factors
emerge as pivotal determinants.

The significance of this research lies in its contribution to under-
standing how M-HBs can be used in the transformation to more sus-
tainable DH systems. It paves the way for further research, including
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broader analyses of waste heat utilization and economic-environmental
impacts. Future investigations could delve into broader analyses of
waste heat utilization, economic-environmental impacts, and integra-
tion with diverse urban infrastructures and renewable energy sources.
Exploring the scalability and long-term effects of M-HBs, alongside their
implications for urban energy policies and infrastructure development,
promises invaluable insights for fostering sustainable urban
environments.
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