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Abstract

Despite The Hague's historically mild climate, it is experiencing rising temperatures and
more frequent heatwaves, resulting in a growing demand for space cooling. However,
there is a significant gap in research and sustainable policies to address this demand in
an environmentally and socially responsible manner. While studies have examined the
environmental impacts of residential heating, cooling still is understudied, and The

Hague lacks sustainable cooling policies.

This study projects cooling demand, energy consumption, material usage, and greenhouse
gas emissions in The Hague for the status quo (2020), 2030, and three 2050 scenarios. It
uses geospatial analysis of residential and office buildings and uses a thermodynamic
model to calculate cooling demand in a bottom-up approach, before evaluating the
aggregate environmental impacts. Despite offices accounting for only 13% of floor space,
they contribute to 34% of present-day cooling demand and 65% of associated greenhouse
gas emissions. Currently, space cooling accounts for 25% of annual office electricity
consumption and 5.5% of residential electricity use. Moreover, 77% of cooling demand

stays unmet, particularly affecting economically disadvantaged neighborhoods.

The results suggest that adopting stringent climate change adaptation measures may
reduce cooling demand and environmental impacts, even in the face of a warming climate.
However, a business-as-usual scenario predicts a doubling of cooling demand and a
significant rise in associated environmental impacts, challenging the Netherlands' goal of

achieving net-zero emissions by 2050.

Sensitivity analyses highlight key areas for The Hague to focus on, including thermal
comfort standards, addressing the urban heat island effect, and improving the energy
efficiency of cooling technologies. The study further offers recommendations to mitigate
environmental impacts, such as minimum energy label standards for building renovations

and promoting circular economy practices for cooling equipment.

In conclusion, this study underscores the need to address space cooling in The Hague and
the Netherlands. Without action, environmental impacts will worsen the effects of climate
change. To tackle this challenge, the study recommends prioritizing energy-efficient
cooling technologies, using synergies between sustainable heating and cooling, and
incorporating environmental justice into policy measures. This is the path towards

securing a sustainable and cooler future for The Hague.
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1 Introduction

With the last eight years being the hottest on record, the climate crisis is undeniable, and
its impacts are becoming increasingly severe (Poértner, Roberts, Poloczanska, et al., 2022;
WMO, 2023). One such impact is the worldwide exponential rise in the demand for air
conditioners (ACs) and other cooling equipment in homes and offices (L. W. Davis &
Gertler, 2015; TEA, 2018a). This rise has several consequences, most importantly an
increasing demand for energy (L. W. Davis & Gertler, 2015; Krayenhoff et al., 2021) and
a rise in the amount of refrigerants released into the atmosphere (Calm, 2002; IEA,
2018a), both of which contribute to greenhouse gas (GHG) emissions and exacerbate the
climate crisis. Furthermore, the rising demand for space cooling amplifies the global
ecological crisis by increasing the need for equipment that uses critical raw materials
(CRMs) and other metals, intensifying resource scarcity and causing ecosystem

degradation through extensive mining (Heikkila, 2004).

With operational energy use in buildings making up 40% of final global energy
consumption (Nizeti¢ et al., 2019), and space cooling accounting for approximately 20% of
electricity use within buildings (Calm, 2002; IEA, 2018a), space cooling already takes up
a significant part of the global energy system. The demand for cooling is projected to surge
dramatically. By 2050, global energy consumption from space cooling could potentially
triple (IEA, 2018a), with some projections suggesting a 20-fold increase (Santamouris &
Vasilakopoulou, 2021). Such a rise will strain already vulnerable energy infrastructures
globally (T. Peters, 2018). In addition, a rising energy demand is likely to increase local
and global GHG emissions or at least inhibit efforts towards a low-carbon built
environment. Residential and office (RO) cooling is of particular concern, given that they
account for at least 70% of the expected rise in energy use from space cooling (Calm, 2002;
IEA, 2018a). These concerns have sparked research into greener and more energy-
efficient buildings, although more work is still to be done to curb energy demand from

space cooling (Berardi & Jafarpur, 2020).

Besides the issue of energy, refrigerants exacerbate the contribution of active cooling
technologies to climate change (Calm, 2002; IEA, 2018a). The most common refrigerants,
hydrofluorocarbons (HFCs), have high global warming potentials (GWPs), exacerbating
climate change when leaked into the atmosphere (Godwin & Ferenchiak, 2020). In the

EU, an estimated 7% of refrigerants used in space cooling leak into the environment
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annually (Schwarz & Harnisch, 2003). With the projected rise in space cooling demand,
HFCs are anticipated to account for up to one-tenth of global GHG emissions by 2050
(Alba et al., 2021). Some studies even suggest that refrigerant leaks have the potential to
exceed the entire 1.5 °C carbon budget unless HFCs are rapidly phased out on a global
scale. (Dreyfus et al., 2020; Matthews et al., 2020).

Finally, the rising demand for space cooling has implications for material demand. The
size of the global air conditioner stock is projected to more than triple from the current
1.6 billion to 5.6 billion units in 2050 (IEA, 2018b; T. Peters, 2018). This growth not only
requires a substantial amount of materials such as steel, iron, and plastics but also raises
concerns about CRMs, which are defined as strategically and economically important
materials with high-risk supply chains (Ferro & Bonollo, 2019; Heikkila, 2004). Copper,
an instrumental material in air conditioning units, has limited stocks and its mining
process has negative social and environmental implications.! As of 2017, copper used in
cooling equipment was responsible for more than 10% of global copper use, a figure which

1s only expected to increase with rising cooling demand (DeWit, 2020).

While research has been performed on space cooling demand and its environmental
impacts, it predominantly focused on warmer climates with historically higher cooling
demands (Eveloy & Ayou, 2019; Lundgren & Kjellstrom, 2013). This leaves a research gap
regarding the energy requirements and environmental consequences of cooling in
temperate climates, which may become more relevant due to climate change. The climate
policies of The Hague, the Netherlands, exemplify this gap. Despite the city’s temperate
climate, recent heat waves and projected temperature rises warrant consideration of
space cooling in policymaking. While The Hague municipality has taken steps towards
climate adaptation, energy transition, and Paris Agreement alignment, with an
overarching goal to achieve carbon neutrality by 2040, it lacks a strategy for addressing
space cooling and its impacts, which is essential for a resilient future (Motie “Vertaling
Klimaatakkoord Parijs Naar Haagse Doelstellingen,” 2016; 2015 Paris Agreement, 2015;
The Hague Municipal Council, 2017). This makes The Hague as a suitable case study to

1 Although not formally categorized as a critical raw material, copper is acknowledged as a strategic

raw material by the European Union (EU) (Grohol & Veeh, 2023).
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explore the environmental implications of space cooling in temperate cities facing global

warming.

1.1 Case Study: The Hague

The Hague, a city in the western Netherlands with around 560,000 residents, has a
temperate oceanic climate (type Cfb according to Képpen classification), featuring average
temperatures of 18 °C in summer and 4 °C in winter (KNMI, 2023a). Due to this temperate
climate, research and policy-making in the Netherlands and The Hague has primarily

focused on space heating over space cooling (DSO, 2022).

However, the increasing frequency, length, and intensity of heat waves in recent years
have raised concerns about heat stress. In response to a 2020 heatwave that caused over
650 deaths in the Netherlands, The Hague municipality introduced the "Haags Hitteplan"
in 2021 (The Hague Municipality, 2021a). This plan focuses on safeguarding vulnerable
groups during heatwaves, including the elderly, homeless, and those with pre-existing
health conditions. While this plan is proactive in informing residents and designating
adaptation strategies such as neighborhood cooling stations, there is little mention of the
role of indoor space cooling equipment, whether it be as an adaptation strategy or a driver

of environmental impacts (The Hague Municipality, 2021a).

Yet, the municipality of The Hague has focused on addressing heat stress through urban
greening, as seen through the “Programma Klimaatbestendig”, a strategy for climate-
proofing the city (Wijsmuller, 2015b). This strategy acknowledges the urban heat island
(UHI) effect and plans for further research into its origins and consequences (Wijsmuller,
2015b). There are also plans to create more urban green spaces, with emphasis on the
cooling effect they create (Wijsmuller, 2015a). However, regulations or ambitions on the
amount or type of indoor space cooling are not included. In "The Hague Resilience
Strategy," which outlines climate change adaptation plans, the need for cooling is
mentioned primarily in the context of greening school yards, which are often heavily
paved (The Hague Municipality, 2019). Furthermore, homeowners can receive a 50% cost
reimbursement for installing green roofs, and future plans for nature-inclusive
neighborhood redevelopment outlined in “De Stad Natuurlijk” (Barker, 2020; de Ruiter et
al., 2019). While all these efforts are important for climate adaptation and mitigation,
greater recognition and preparation for space cooling demand and its impacts is needed

for resilience in the face of a changing climate.
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In addition, The Hague recently published the “Transitievisie Warmte” and “Stedelijk
Energieplan” reports to address environmental footprints of the built environment (DSO,
2022; The Hague Municipality, 2020). These documents outline goals to shift from natural
gas to renewable energy in the coming years, primarily through the adoption of improved
insulation and sustainable space heating technologies such as heat pumps and
neighborhood heat districts (DSO, 2022). Notably, heat pumps have the potential to serve
as efficient cooling systems, unlike heating networks that only provide space heating
(IEA, 2018a). However, this necessitates the explicit consideration of space cooling in built
environment policy and implementation. In contrast, current policies do not explicitly
consider space cooling, potentially leading to an overabundance of heating technologies
that lack cooling capabilities. This, in turn, may drive the installation of separate cooling
devices like portable and split-type air conditioners, which are typically less integrated
into the building envelope, resulting in lower energy and material efficiency and increased
environmental impact. Given the share of residences with cooling equipment is projected
to grow from 14% in 2022 to as much as 60% in 2050, addressing this issue is imperative

(Hammingh et al., 2022).

Current plans call for transitioning at least half of all residences to low-carbon heating
alternatives, like heat pumps and district heating, by 2030 (The Hague Municipal
Council, 2017). Currently, only 7% of residential buildings (17,900 houses) meet this
requirement. This leaves approximately 95,500 residences to be retrofitted with

sustainable heating systems before 2030.2

Besides the ambitions set for residential buildings, all offices need to have at least a C
energy label by 2023, according to the 2012 building code (Bouwbesluit, 2012). However,
currently, only 69% of offices in The Hague comply with this condition.? The remaining
31%—159 offices spanning 31.45 hectares of floor space—require immediate renovation

to meet the regulations set by the building code. These large-scale renovations provide a

2 This does not consider the estimated 26,000—-32,500 residences which are to be built in the 2017—
2030 period, which already have to adhere to strict energy efficiency standards, including low-

carbon heating systems (The Hague Municipal Council, 2017).

3 Note that the 69% of office buildings that meet the label C or higher requirement are generally
the larger, high-rise buildings. When looking at the total floor area, 91% of all office space in The
Hague complies with the 2023 energy label regulation.
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significant opportunity to incorporate low-carbon cooling technologies and cooling-

efficient construction methods.

Nevertheless, although space cooling is mentioned as the second largest energy consumer
in buildings after heating, there is little explicit mention of the role of cooling in the
“Transitievisie Warmte” (DSO, 2022). In fact, the only reference to cooling is that

insulation, a key recommendation, might increase the demand for space cooling.

In summary, while detailed sustainable heating policies and emergency heat wave
response plans are in place, space cooling remains under-addressed in policy. This will
lead to a missed opportunity for a holistic strategy — combining both space heating and

cooling — for a resilient built environment.

1.2 Problem Statement

Considering the escalating global demand for space cooling driven by climate change and
other factors, coupled with the associated adverse environmental impacts, there is a
pressing need for comprehensive research on the future of space cooling. The projected
exponential rise in cooling equipment within residential and office settings has far-
reaching consequences including heightened energy consumption, greenhouse gas

emissions, and resource depletion.

Despite these impacts, there is a knowledge gap on the extent of the future cooling
demand and its environmental impacts, especially in temperate regions such as The
Hague. While estimates project a 250% increase in cooling device installations globally
and 70% increase in the EU by 2050, extensive research into the future demand and
environmental impacts remain underdeveloped (IEA, 2018a). Surprisingly, there has
been little comprehensive research on the projected cooling demand in the Netherlands
or The Hague, despite the fact that the market penetration of air conditioning in the
Netherlands has risen from 1.5% in 2000 to 30% in 2023 (NOS, 2023b; van Kempen, 2000).
This highlights the need for targeted investigations to forecast and mitigate the projected

rise in cooling demand in the Dutch context.

While studies exist on the environmental impacts of residential heating in the
Netherlands, research on the impacts of space cooling is noticeably lacking (Gupta &
Gregg, 2018; Nouvel et al., 2017; Verhagen, 2018). This gap is concerning because cooling-

related energy consumption is already putting stress on the electricity grid, and the
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associated greenhouse gas emissions could jeopardize The Hague's goal of being carbon
neutral by 2050 (Motie “Vertaling Klimaatakkoord Parijs Naar Haagse Doelstellingen,”
2016; Essent, 2020). Therefore, research into the environmental impacts of cooling

demand is highly relevant.

Additionally, this study seeks to address a methodological gap in the existing literature.
To date, no studies have utilized a bottom-up modeling approach to estimate cooling
demand for individual buildings, which is then aggregated to assess total space cooling

demand and its associated environmental impacts.

1.3 Research Questions

This research aims to contribute to the understanding of the current and future demand
for cooling in The Hague. Additionally, it investigates the environmental impacts of this
demand, and in what way such impacts can be minimized. This leads to the overarching

research question:

“How can choices in technology and policy minimize the evolving environmental impacts

of residential and office space cooling in The Hague until 2050?”
This overarching research question is split into several sub-questions:

1. What is the current cooling demand in residential and office buildings in The
Hague?

2. What are the environmental impacts of the current cooling demand in The Hague?

3. How will the cooling demand in The Hague and its environmental impacts evolve
until 20507

4. What recommendations can be given to minimize the projected environmental

impacts of residential and office space cooling in The Hague?

The outcomes of this study hold relevance beyond The Hague, extending to a broader
national context within the Netherlands and similar climates. Moreover, these findings
offer actionable insights for mitigating adverse environmental effects while shaping

strategic cooling approaches for residential and office spaces.
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1.4 Report Structure

First, the theoretical context and background of space cooling and its impacts are
introduced in Chapter 2. In Chapter 3, the research design is outlined, including the
methodologies and modeling framework used. Chapter 4 presents the results of the model,
while Chapter 5 discusses its implications and ensuing recommendations. Finally,
Chapter 6 provides a concluding overview of the research. For a visual representation of

this structure, please refer to Figure 1.

1Introduction «<------- Q: What is the importance of this research?

v

2 Theoretical Context and i
Background ------- Q: What is the context of space cooling in The Hague?
(Literature review) ‘

l

3 Research Design

RQ1: What is the current cooling demand in
residential and office buildings in The Hague?

RQ2: What are the environmental impacts of the
current cooling demand in The Hague?

—-|———
'
'
L

N\ ( N \
J

4 Results T RQ3: How will the cooling demand in The Hague and
y ‘ its environmental impacts evolve until 2050?
. l ™ ‘
5 Analysis and Discussion RQ4: What recommendations can be given to
(Policy recommendations and ------< minimize the projected environmental impacts of
limitations) {  residential and office space cooling in The Hague?
_/

{ Main RQ: How can choices in technology and policy
6 Conclusion ------<4  minimize the evolving environmental impacts of
i residential and office cooling in The Hague until 2050?

Figure 1: Overview of report structure.



Cooling for Comfort, Warming the World Theoretical Context and Background

2 Theoretical Context and Background

This section establishes the theoretical framework for understanding The Hague's current
and projected cooling demand through a literature review that assesses the drivers of
cooling demand, the technical and theoretical background of predominant cooling
techniques, and their most important environmental impacts. All relevant terms and

concepts necessary to the comprehension of this study are defined in this section.

2.1 The Need for Cooling

Space cooling systems play a vital role in homes and offices by regulating indoor
temperatures to maintain thermal comfort—a key factor in occupant well-being and
workplace productivity (Kawakubo et al., 2023; Yuan et al., 2022). These systems reduce
indoor temperatures to comfortable levels by removing heat from inside and releasing it

outdoors.

Thermal comfort is subjective, reflecting personal temperature preferences. Although
studies suggest specific optimal temperatures—18.3 °C in one (Fazeli et al., 2016), 22 °C
in another (Seppidnen & Fisk, 2006), and the EU's use of 24 °C for calculating Cooling
Degree Days (Eurostat, 2020)—policies are transitioning towards defining a 'thermal
comfort range' instead of a fixed temperature. This range's upper boundary is termed the
'threshold temperature' or 'effective cooling temperature' (de Dear et al., 2020). For more

information, refer to Section 2.2.1.

Maintaining thermal comfort is also essential for safeguarding human health against the
adverse effects of excessive heat. Heat stress, resulting from the body's inability to
sufficiently self-cool, can escalate from mild symptoms like heat rash to life-threatening
conditions such as heat stroke (Shindell et al., 2020). It can also exacerbate pre-existing
health issues, particularly cardiovascular and respiratory diseases (Gubernot et al., 2015;

Kjellstrom et al., 2016).

Heat stress poses a global public health challenge, leading to significant mortality,
especially among at-risk groups including the elderly, children, and individuals with
chronic diseases. Currently responsible for roughly 12,000 deaths worldwide each year,
heat-related fatalities could surge to 260,000 by 2050 without strategic interventions (T.
Peters, 2018). This increase can largely be attributed to the projected 25% rise in global
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CDDs by 2050, highlighting the increasing need for effective cooling technologies to
safeguard both thermal comfort and protect human health (Kennard et al., 2022).

In the Netherlands, climate change is heightening the risks of heat stress, as exemplified
by the record-breaking 2019 heatwave which resulted in an additional 400 deaths (CBS,
2019b; Klok, Schaminée, et al., 2012). Research attributes a third of the country's heat-
related deaths to climate change, a share which is expected to increase as average summer
temperatures rise and heat waves continue to increase in frequency and intensity (Vicedo-
Cabrera et al., 2021). Therefore, space cooling is increasingly important for protecting

against health risks and deaths.

While space cooling is essential, combating heat stress also involves various other
mitigation strategies. Individually, these include hydration, dressing appropriately for
the weather, and limiting exposure to the sun during peak heat times. Policy-level
interventions include heat-health action plans, urban designs that minimize heat island
effects, and public campaigns to raise awareness of heat-related risks (RIVM, 2020; WHO,
2008).

Regarding the benefits of space cooling systems, they serve not only to ensure thermal
comfort and reduce heat stress but also play a significant role in improving air quality
and preserving sensitive equipment. Many cooling systems incorporate air filtration and
ventilation, which improve indoor air quality by reducing pollutants, allergens, and
humidity levels. This contributes to a healthier living and working environment that
improves occupant well-being (Carlucci et al., 2015). Moreover, by maintaining controlled
temperatures and humidity levels, cooling systems help safeguard electronic devices and
materials, ensuring their durability and optimal performance—which is particularly

important in office environments (ASHRAE, 2021).

In summary, space cooling systems maintain comfortable indoor temperatures, which
ensures wellbeing and productivity, protects against heat-related health issues, and
preserves sensitive equipment. The escalating impacts of climate change underscore the

growing value of these cooling system benefits (De Blois et al., 2015; Seltenrich, 2015).

2.2 Determinants of Cooling Demand

Space cooling demand is influenced by a multitude of factors across societal sectors. Given

the interlinked nature of these determinants, this study focuses on the most influential
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ones, including thermal comfort ranges, building design, the urban heat island effect,

climate change, and other socio-cultural drivers.

2.2.1 Effective Cooling Temperature and Thermal Comfort Range

Thermal comfort, a subjective sensation influenced by cultural and individual
preferences, dictates when people decide to use cooling equipment, thereby influencing
cooling demand (Esfandiari et al., 2021). The broader the thermal comfort range, the
higher the threshold temperature before the space cooling is activated. This not only
affects the demand for active cooling systems, such as air conditioning, but also the need

for passive cooling strategies, such as natural ventilation or shading.

The static thermal comfort range depends on several factors: air temperature, humidity,
airflow, radiant temperature, clothing, and metabolic rates of occupants (de Dear et al.,
2020). Furthermore, it is also shaped by gender, age, cultural background, thermal
history, and the accustomed climate (Rupp et al., 2015).

These variables lead to the concept of adaptive thermal comfort range, which describes
people’s ability to adjust their clothing, behavior, and expectations to find comfort across
a broader range of temperatures (de Dear & Brager, 1998). While this may provide short-
term adaptation in instances such as heat waves, long-term changes in thermal comfort
ranges take place through thermal adaptation. Thermal adaptation describes longer-term
physiological changes in response to consistent exposure to specific temperature
conditions (Zhuang et al., 2022). This results in a lower optimal indoor temperature in
summer than in winter, and a higher optimal indoor temperature in consistently warmer
climates. Thermal adaptation is considered easier in residences than in offices due to
expectations of higher temperatures, the ease of environmental control, and the broader
scope for behavioral adjustment, such as changing attire or location within the home
(Kurvers et al., 2012). However, the cumulative effect of thermal adaptation on the
thermal comfort range i1s complex and highly context-specific (Ioannou, 2018). Overall,
considering the future of the Netherlands under climate change, adaptive thermal comfort
and thermal adaptation may allow building occupants to expand their thermal comfort

range in a consistently warmer climate.

Thermal comfort ranges directly influence space cooling demand through regulatory
policies and consumer behavior, or the purchasing, and frequency and intensity of use of

cooling systems. Governments establish standards for "effective cooling temperatures" or

10
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“threshold temperatures” that dictate when active space cooling should be initiated,
particularly in new buildings and offices. Over time, policy and personal comfort ranges
have trended towards narrower, cooler ranges—partly due to more prevalent air
conditioning—with summertime thresholds decreasing by about 1 °C from the 1940s to
the 1980s (de Dear et al., 2020). The preference for cooler comfort ranges is generally
easier to instill than the acceptance of warmer conditions. As a result, if air conditioning
remains the go-to solution to counteract rising temperatures, the market penetration of

air conditioners is expected to increase significantly.

However, research indicates a more tolerant and higher temperature range in naturally
ventilated structures compared to those with mechanical cooling, sometimes with up to a
4 °C difference (de Dear & Brager, 1998; Hussein et al., 2009). The prevailing thermal
comfort standards in the Netherlands, influenced by ASHRAE 55 and EN 15251 and
consolidated in ISSO 7,4 5 prioritize mechanically cooled environments as the default,
positioning natural ventilation as a secondary, less conventional option (Nicol & Wilson,
2011). Yet, the intensifying focus on climate change is driving a pivot in research towards
enhancing thermal adaptation and reducing reliance on mechanical cooling. Expectations
are mounting for policies to mirror this research, potentially catalyzing a transition
towards favoring natural ventilation and adaptive strategies in building regulations, with
the potential to widen accepted thermal comfort ranges and reduce active cooling demand

and the ensuing environmental impacts (de Dear et al., 2013, 2020; Schellen et al., 2013).

4 ASHRAE 55 is a standard by the American Society of Heating, Refrigerating, and Air
Conditioning Engineers. It guides the assessment of indoor thermal comfort using metrics like
Predicted Mean Vote (PMV) and Predicted Percentage of Dissatisfied (PPD). The standard
considers factors like air temperature, humidity, air movement, and clothing, while also accounting
for adaptive comfort. It is frequently updated to reflect advancements in research and technology

related to thermal comfort (ASHRAE, 2020).

5 EN15251 is a European standard developed by the European Committee for Standardization. It
offers guidelines for determining indoor environmental conditions, including thermal comfort, to
assess building energy performance. The standard aims to balance occupant comfort with energy
efficiency, considering regional differences and building types across Europe, and provides

guidelines for maximizing adaptive thermal comfort (NEN, 2007).

11



Cooling for Comfort, Warming the World Theoretical Context and Background

Dutch regulations under ISSO 74 use the “Adaptieve Temperatuurgrenswaarden” (ATG,
Adaptive Temperature Limits) model for thermal comfort assessments since 2014 (Leitao,
2017). This model classifies buildings into Alpha, with occupant-controlled natural
ventilation, and Beta, with mechanical cooling and sealed facades. The ATG model
accounts for a wider comfort range in Alpha buildings, as can be seen in Figure 2 (Beek
et al., 2007). For Beta buildings, a thermal comfort range of 21-26 °C is set, with the
recommended cooling threshold temperature at 24.5 °C (ISSO, 2014). Similarly, other
studies on both office and residential buildings recommend a threshold temperature of 25

°C (Boerstra & Leijten, 2003).
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Figure 2: Recommended indoor temperatures for Alpha buildings using natural
ventilation (solid lines) and Beta buildings using mechanical ventilation (dashed lines),
as determined by the ATG model in accordance with Dutch indoor climate standards.

From (Beek et al., 2007)

Despite these standards, actual occupant preferences may vary; a small-scale 2021 Dutch
survey indicated a preferred residential temperature of 20 °C, highlighting a discrepancy

between prescribed norms and individual comfort levels (Rovers et al., 2021).

In summary, thermal comfort is a personal experience that determines cooling equipment
use, affecting energy demand. It varies with individual and environmental factors, with
adaptive comfort and thermal adaptation allowing people to tolerate a wider temperature
range. Despite guidelines recommending higher thermal comfort ranges for energy

conservation, actual user preferences often lean towards cooler conditions.

12
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2.2.2 Building and Urban Design

The interaction between building design and urban planning significantly impacts cooling
demand in urban environments. Decisions made during construction and urban layout
set the stage for energy consumption and occupant comfort. Building design, and
particularly the building envelope, plays a key role. A balance between aesthetics, energy
efficiency, and affordability drives design choices. Material choices for components
including roofs, ceilings, walls, windows, and doors influence thermal performance.
Architectural trends away from traditional shading elements toward all-glass and
unshaded facades may increase aesthetic, but also increase the need for cooling within a
building. Space-use design, which affects the ratio of interior space to surface area, also
impacts heat transfer rates and solar heat gains, with the greater the ratio the lesser the

cooling demand (IEA, 2018a).

Technological integration has brought about smart building controls and sensors that
enable energy-efficient cooling. Despite their initial costs, these systems offer long-term
energy savings and a reduction in cooling demand. The selection of building envelope
technologies is influenced by financial considerations and lifecycle costs. High-tech and
low-tech solutions implemented during construction or later by building occupants reduce
the impact of energy use for cooling, such as materials with high thermal resistance,
mechanical and natural ventilation, low thermal mass, and humidity management (IEA,

2018a).

Urban design factors like street orientation, geometry, and landscaping also influence
cooling demand. The orientation and geometry of streets dictate heat absorption and
airflow, with narrow urban canyons trapping heat and wide streets facilitating
ventilation. Street orientation, which determines facade exposure, can have a strong effect
on cooling demand, and can vary cooling energy demand by up to 26% annually, with
western and southern exposure resulting in the highest energy demand (Ashmawy &
Azmy, 2018; Deng et al., 2021). Land use planning also plays a role, as concentrations of
heat-generating commercial and industrial spaces can be counteracted through mixed-
use zoning and extensive green infrastructure. While urbanization has led to a reduction
in green spaces, but efforts such as green roofs, urban greening, and water features are
being promoted to lower temperatures in cities and reduce a dependency on active cooling.
Roofing choice holds a particularly strong impact, as traditional black roofs only reflect
5-10% of incoming solar radiation, whereas a painted white roof or a green roof reflect
80% (IEA, 2018a).
13
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In summary, the interplay between building design and urban planning is a critical
determinant of cooling demand. Material choices, architectural trends, technological
integration, and urban layout collectively shape energy consumption and occupant

comfort in the built environment.

2.2.3 The Urban Heat Island Effect

The urban heat island (UHI) effect refers to how urban regions typically exhibit higher
temperatures than their rural surroundings, a disparity caused by factors like the
absorption of radiation by paved surfaces and air pollution, anthropogenic heat
generation, and lower evaporative cooling from fewer green and blue spaces (Kleerekoper
et al., 2012). These contributing factors lead to an increased need for space cooling in
cities, particularly during heatwaves, with temperature differences between urban
centers and rural areas averaging 1-3 °C and peaking at around 9 °C (van Hove et al.,
2011). For example, The Hague's center was recorded at 8.6 °C warmer than its rural
surroundings on a particularly hot summer day (Klok, Shaminee, et al., 2012). The extent

of the UHI effect varies based on several interconnected variables (see also Figure 3).
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Firstly, urbanization amplifies the UHI effect by simultaneously increasing the both the
overall extent and the concentration of heat-absorbent materials like concrete and asphalt

(Salman, 2018). These materials, which make up the roads, roofs, walls, and pavements

14



Cooling for Comfort, Warming the World Theoretical Context and Background

of the city, replace natural, evaporative vegetation and soil, thereby reducing the capacity
for cooling through evapotranspiration. Furthermore, the thermal mass of urban
infrastructure such as roads and buildings absorbs heat throughout the day but radiates
it back into the local environment at night, which inhibits nocturnal cooling. As cities
expand, they envelop more land with these heat-retentive materials, exacerbating the

UHI effect.

Besides urban expansion, the growing urban density also increases the UHI effect (Zhou
& Chen, 2018). Within cities, denser neighborhoods often have higher temperatures than
less populated areas (Chapman et al., 2017). The push towards urban densification, a
global response to population growth and urban sprawl, thus contributes to rising city
temperatures. In The Hague, for example, the city's strategy to densify to address a
longstanding housing crisis includes the construction of numerous high-rise buildings,
increasing urban density, and potentially amplifying the UHI effect (Haagse Hoogbouw,
2023).

Finally, urbanization amplifies the density of anthropogenic heat sources like industry,
building heating, air conditioning, and even the human metabolism. In the Randstad,
home to The Hague, this type of heat presently contributes to about 10% of the UHI effect
(Rovers et al., 2015). With the expected 10% growth of urbanization in the Randstad by
2050, the UHI effect is set to intensify through the interconnected dynamics of increased
urban extent, density, and anthropogenic heat production (Manders & Kool, 2015).

Urbanization, however, is not the sole factor in the projected increase of the UHI effect.
Climate change serves as a potent multiplier of UHI, through its role in atmospheric
heating, altered weather patterns, and feedback loops (Sachindra et al., 2016). As global
temperatures rise, urban regions—high on heat-retaining structures and low on
greenery—face even higher baseline temperatures compared to their rural surroundings
(Chapman et al., 2017). This exacerbated temperature difference is particularly evident
during heatwaves, when cities can become hotspots of extreme heat, affecting human
health, energy demand, and overall urban comfort. Additionally, climate change can
undermine natural cooling mechanisms by diminishing cloud cover and shifting wind

patterns, disrupting heat dispersion in cities, and amplifying the UHI effect.

Paradoxically, cities tend to adapt to hotter temperatures with more air conditioning,
inadvertently injecting extra anthropogenic heat into the surroundings, exacerbating the

UHI effect, a vicious cycle detailed in Figure 3. Waste heat from air conditioner (AC)
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systems has been shown to raise local air temperatures by over 1 °C in cities like Phoenix,

U.S.A. (Salamanca et al., 2014).

Research of climate change's impact on the UHI effect in the Netherlands is still in early
development compared to other countries. Traditionally, the Dutch have enjoyed a
moderate climate and only started to confront urban heat issues following a series of
intense heatwaves since the early 2000s (van Hove et al., 2011). Nevertheless, recognition
of the UHI effect is gaining momentum in Dutch policy discourse (van der Hoeven &
Wandl, 2018b). Although concrete predictions are scarce, extrapolations from initial
findings and models applied to analogous climates suggest that UHI in Dutch cities could
rise by 0—2.3 °C in the coming decades, as summarized in Table 1. When factoring in the
compound effects of general warming trends, urban growth, increased heat from cooling
systems, and more recurrent heatwaves, the UHI effect emerges as a significant driver

for increasing cooling demand.

Table 1: Modeled increases in average UHI from climate change in comparable climates

to The Hague.

Time range Geographic location UHI effect change (°C) Source
1971-2000 to 2071 (Hoffmann &
+
9100 Hamburg, Germany 0+0.02 Schliinzen, 20183)
Amsterdam, the (Koomen & Diogo,
+
2008 to 2050 Netherlands 0.2+0.1 2017)
1961-1990 to 2050 Rostock, Germany 2.3 (Richter, 2016)

On the other hand, strategic urban and building designs offer mitigation potential against
UHI severity. Building orientation and the use of selective street geometry to maximize
natural shading can help reduce the UHI effect (Salman, 2018). In addition, the presence
of green space in the form of urban greening, parks, or water features, cool the
surrounding area through evapotranspiration (Rizwan et al., 2008). The construction of
green buildings, particularly those adhering to LEED standards, can also diminish UHI,
such buildings can reduce urban temperatures by up to 0.48 °C.6 Material selection plays

a role too; for example, the thermal properties of asphalt contribute significantly to UHI

6 LEED stands for Leadership in Energy and Environmental Design. It is a widely recognized and
globally accepted green building certification program and rating system. LEED is developed and
administered by the U.S. Green Building Council (USGBC, 2023)
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due to its low reflectivity (albedo of 0.05-0.2), whereas materials like brick offer higher
albedo values (0.2—0.4) and hence less heat retention (van Hove et al., 2011). In summary,
urban design choices pose a promising opportunity for mitigating increasing heat stress

from UHI in the coming decades.

2.2.4 Drivers of Increased Cooling Demand

2.2.4.1 Climate Change

The climate is the primary determinant of cooling demand, with higher air temperatures
and humidity levels leading to increased space cooling demand (IEA, 2018a). Historically,
cooling equipment has been more prevalent in warmer regions, while heating systems
have been the focus in cooler regions such as the Netherlands. Climate change, however,

has altered these patterns.

Climate change, primarily driven by an increase in atmospheric carbon dioxide and other
greenhouse gases (GHGs)—including those used as refrigerants—was hypothesized in the
late 19t century and has been acknowledged as a critical global issue since the 1980s
(Arrhenius, 1896; Moser, 2010). Global averages temperatures have increased by
approximately 1.1 °C from pre-industrial levels, with a more acute rise of 1.6 °C over land.
With temperatures projected to increase further to 1.6-2.5 °C by 2050 (see also Figure 4),
climate change i1s commonly referred to as the 'climate crisis' (Archer & Rahmstorf, 2010;

Calvin et al., 2023; Hansen et al., 2012).
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Figure 4: Global surface temperature change relative to pre-industrial levels (1850-

1900), adapted from (Calvin et al., 2023).
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The mechanics of climate change are rooted in the greenhouse effect, where GHGs trap
solar radiation in the atmosphere, leading to global warming. Excessive emissions from
activities such as fossil fuel combustion and agriculture have intensified this effect,
disrupting climate patterns and elevating temperatures worldwide (Calvin et al., 2023;

Portner, Roberts, Adams, et al., 2022).

The repercussions of climate change are extensive, as displayed in Figure 5. It drives
rising sea levels, worsening air quality, and more frequent extreme weather events like
floods, droughts, and particularly heatwaves, which in turn drive up the need for space
cooling (Portner, Roberts, Adams, et al.,, 2022). These have secondary effects on
biodiversity, human health, resource availability, and socio-economic conditions (Kemp et

al., 2022).
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Figure 5: The system dynamics of climate change in a causal loop diagram. A solid line
represents amplifying feedback, and a dotted line denotes dampening feedback. From
(Kemp et al., 2022).

The complexity of the climate issue is highlighted by the IPCC and underscored by the
Paris Agreement, describing it as a ‘super wicked problem’. Such problems are marked by

their immense complexity, characterized by numerous interdependent factors and
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feedback loops (Levin et al., 2012). An example of such a feedback loop is the link between
global heating and residential cooling demand, as can be seen in Figure 3. Increased global
temperatures boost the demand for air conditioning, which then leads to higher GHG
emissions due to energy consumption and refrigerant leaks, exacerbating the warming
trend. Refrigerants leaks alone could surpass the entire 1.5 °C carbon budget, unless
hydrofluorocarbons (HFCs) are rapidly phased out on a global scale (Dreyfus et al., 2020;
Matthews et al., 2020).

In northwestern Europe, climate change raises concerns of coastal and inland flooding,
heat waves, water scarcity, and ecosystem disruptions (Poértner, Roberts, Adams, et al.,
2022). In the Netherlands, temperatures have risen at twice the global average rate,

exacerbating droughts and heatwaves (KNMI, 2021).

The Royal Netherlands Meteorological Institute (KNMI) forecasts a worrisome
acceleration of these trends. Their "Klimaatsignaal '21" (Climate Signal ‘21) report
projects sea-level rise of up to two meters by 2100 along the Dutch coast, increasing the
flood threat (KNMI, 2021). Further increasing flood risks is extreme rainfall, which is
expected to increase in frequency and intensity. The past three decades have already seen
a 10-15% spike in the severity of heavy showers. Moreover, the country has witnessed a
doubling of days with high humidity, as indicated by the rise in days with dew points over
18 °C from 1951-2020. In contrast, droughts are also becoming more frequent, both due
to rising temperatures and increasing solar radiation, which has risen by 5% over the last
70 years. Together, these climatic shifts are likely to increase cooling demands in the

Netherlands.

Quantitatively, the International Energy Agency (IEA) forecasts a 20% global rise in
CDDs, a measure of cooling demand, by 2050 (IEA, 2018a). In the Netherlands, a more
temperate region, the amount of annual CDDs is expected to rise faster— between 22%
and 70% by 2050 (Attema et al., 2014). Such increases are particularly challenging to
regions which are traditionally unaccustomed to persistent heat, as their infrastructure,

policies, and social behaviors are not well-equipped for such climatic changes.

Within the Dutch context, the national government has recognized the imminent threat
of climate change and has implemented several policies to mitigate and adapt to its
impacts. The 2019 “Klimaatakkoord” (Climate accord) outlines the country's commitment
to reducing GHG emissions and transitioning to a sustainable economy (Klimaatakkoord,

2019). The “Klimaatplan 2021-2030” details concrete actions for the coming decade,
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including increasing energy efficiency, promoting renewable energy, and implementing
climate adaptation strategies (Ministerie van Algemene Zaken, 2020). However, these
plans may not be sufficient to address an increasing demand for space cooling. The Dutch
infrastructure and building design are not well-equipped for the expected rise in
temperatures. Moreover, the country's social and psychological behavior towards cooling
1s not yet adapted to the changing climate. For perspective, Spain's recommended
activation threshold for air conditioning stands at 27 °C in Spain, much higher than policy

standards and common practice temperatures in the Netherlands (Jones, 2022).

In conclusion, climate change, with rising temperatures, increased humidity, intensified
solar radiation, and more frequent extreme weather events, is a significant driver of
cooling demand. As the world continues to heat, the demand for space cooling is expected

to rise, particularly in regions not traditionally accustomed to high heat.

2.2.4.2 Socio-Cultural and Market Drivers

Besides climate change, other factors driving cooling demand include economic prosperity,

population growth, an aging demographic and urbanization (as described in Section 2.2.3).

Air conditioners, often considered luxury items with high price-elasticity, tend to see
increased purchase rates with rising discretionary income (Bashir et al., 2011). In tropical
regions, higher income strongly correlates to higher ownership of air-conditioners (L.
Davis et al., 2021). While this correlation is weaker in temperate zones like the
Netherlands, global warming is likely to shift cooling equipment from a luxury item to an
essential good. The EU’s gross domestic product (GDP) is expected to increase by 60%
until 2050, with similar expectations for the Netherlands, as shown in Table 2 (Manders
& Kool, 2015). As the climate grows hotter, this economic growth is likely to be a

significant booster of the acquisition and use of active cooling equipment.

Table 2: Prognosis of GDP per capita, based on total GDP and population growth
estimates from (Manders & Kool, 2015).

Scenario Population growth GDP growth GDP per capita growth
2030: Low 2% 20% 18%
2030: High 8% 40% 30%
2050: Low -2% 45% 48%
2050: High 15% 105% 78%
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The market penetration rate (MPR) of cooling equipment is also determined by pricing
trends, with air-conditioner prices historically experiencing a slow but steady decline
(Rapson, 2014). Looking at recent history, the sale of air-conditioners has increased
significantly in the past decade. Consumption of window and wall air conditioning
systems in the Netherlands has been analyzed using the Eurostat PRODCOM dataset
(Eurostat, 2023).7 The full analysis can be found in the background research spreadsheet
in Appendix A. Figure 6 shows a five-fold rise in the Dutch air conditioner market over
the past decade, accompanied by a more than thirty-fold increase in the annual market
growth rate. This suggests an imminent exponential growth in the market penetration

rates of cooling equipment.
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Figure 6: Annual consumption of air conditioners in the Netherlands, 2002-2021. Based
on (Eurostat, 2023).

Cooling equipment prices also influence which type of equipment is most commonly
purchased. Consumers increasingly prefer energy-efficient cooling systems that promise
long-term savings, valuing the Energy Efficiency Ratio (EER) over initial costs, especially
as electricity prices rise (Rapson, 2014). Those with the means tend to opt for such cost-

effective, high-efficiency options despite higher upfront prices.

Population growth is another important driver of cooling demand, with the world

population currently growing an average of 0.9% per year (IEA, 2018a). the Netherlands

7 Prodcom, short for "PRODuction COMmunautaire" (Community Production), provides statistics

on the production, import, and export of manufactured goods within the EU (Eurostat, 2023).
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expects a population rise of up to 24% by 2050, mostly due to migration (Beer et al., 2020).
This influx of people not only increases the need for cooling to maintain comfort for a

larger population, but also could shift cultural expectations regarding thermal comfort.

The aging population further compounds demand; seniors are particularly vulnerable to
heat, with those over 75 being the most frequent victims of heatwaves (IEA, 2018a). With
the Dutch elderly population projected to grow by 37% by 2050, representing over a
quarter of the total population, enhanced space cooling solutions will be needed to ensure

public health. (Beer et al., 2020).

Finally, socio-cultural trends and norms also shape cooling technology adoption.
Environmental concern has risen significantly within the EU since the 1960s (Tendero,
2021). A survey by the European Commission revealed that 78% of EU citizens viewed
climate change as a grave issue in 2021, an increase from 68% in 2011, with 49% citing it
as the foremost global challenge (European Commission, 2021). In the Netherlands, public
awareness is even greater, with 70% listing climate change as the most pressing global

concern and 64% actively trying to reduce their environmental impact.

Such heightened environmental awareness generally leads to more environmentally
friendly behavior, such as reduced and more efficient air conditioning use and the
adoption of greener cooling strategies (Kondo et al., 2021; Pothitou et al., 2016; Wi &
Chang, 2019; Yusliza et al., 2020). As a result, consumer preferences may shift from
portable units to more expensive but energy-efficient systems like air conditioners and
heat pumps. Supported by targeted policies, this increased environmental awareness
could lead to higher and broader thermal comfort ranges in summer, helping to dampen
the anticipated rise in cooling demand. Nevertheless, the precise impact of eco-awareness
on ownership and use rates of cooling equipment remains unquantified in current

research.

2.3 Cooling Technologies

This section outlines the technological foundations of cooling systems, beginning with a
historical overview and an explanation of basic air conditioning mechanisms. It then
covers key factors such as energy efficiency, refrigerants, and materials, as well as a

discussion on the main types of cooling methods, both active and passive.
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2.3.1 Historical background

The basic principle behind most space cooling is evaporation: when a liquid evaporates,
heat is extracted from the surrounding air. This was already known and utilized by the
ancient Egyptians and Mesopotamians, who cooled their houses by hanging moist reeds

in their windows (Bahadori, 1978; Tang & Etzion, 2004).

Advancements in phase-change physics during the 17%* and 18t century laid the
groundwork for artificial refrigeration. Oliver Evans theorized a closed-cycle process
using volatile liquids to produce ice in 1805, a concept that didn't materialize into a
machine but influenced future pioneers like Richard Trevithick and Jacob Perkins (Evans
& Stevens, 1805). Although there is no evidence that he created a functional machine, his
theories are likely to have inspired Richard Trevithick and Jacob Perkins. Trevithick
conceptualized an air-cycle refrigeration system in 1828, but it was Perkins who
successfully demonstrated the vapor-compression method in a prototype that experts now
acknowledge as a pivotal moment in refrigeration history. His invention has granted the

mechanical vapor-compression process its eponym: the Perkins Cycle (Calm, 2008).

Subsequent innovations culminated in the 1902 invention of the electric air conditioner
by Willis H. Carrier, the founder of one of the largest heating, ventilation, and air

conditioning (HVAC) companies in the world; the Carrier Corporation (Varrasi, 2022).

2.3.2 Functional design

A simplified diagram of the function of Carrier's AC unit can be seen in Figure 7.

Figure 7: The vapor-compression cycle, with 1) evaporator coil, 2) compressor, 3)

condensing coil, 4) expansion valve. Adapted from (Karonen, 2017).
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Here, a liquid refrigerant is let to evaporate in a coil, taking in heat from the surrounding
air (Qc). The resulting gas is then compressed, which takes energy, almost always
provided by electric work (Wer). This compressed gas then condenses in a second coil and
releases heat to the external environment (@r). After this, the liquid can expand and enter
the first evaporator coil again, thus completing the cycle. While this is the basis for active
cooling technologies, cooling types and devices vary in their energy efficiencies,
refrigerants, and material makeup. Heat pumps work in a similar way, as displayed in

Figure 8.

MANUAL HEAT PUMPS ARE SUCH A PAIN.

Figure 8: Demonstration of a hypothetical manual heat pump. From (Munroe, 2023).

2.3.3 Energy Efficiency

The coefficient of performance (COP) is the standard measure of an air conditioner's
energy efficiency, reflecting the ratio of useful cooling output to the electrical energy input
under full-load, steady-state conditions (ASHRAE, 2021). It is mathematically described
by Equation 1 (Petrecca, 1993).

Qc _ Qc

Qu—-Qc  Eel

COPcooling = Equation 1

Here, the COP is defined as the ratio of useful cooling (Qc) provided to the electric energy
consumed by the device (Ee). A higher COP indicates a more efficient air conditioner,

delivering more cooling per unit of energy consumed.

Real-world usage, however, often deviates from steady-state, full-load conditions,
necessitating metrics that account for varied operational states and seasonal changes.
The Seasonal Energy Efficiency Ratio (SEER), common in the U.S., measures average
system efficiency over the cooling season, offering a more realistic efficiency indicator over

diverse conditions (IEA, 2018a). Europe's equivalent, the European Seasonal Energy
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Efficiency Ratio (ESEER), incorporates weighted factors for different operational loads to
better reflect the fact that cooling equipment more frequently operates at part-load
conditions in the more temperature European climate, as described in Equation 2 (Saheb

et al., 2006).

ESEER = 0.23 - COPZS% + 0.41- COP50% + 0.33- C0P75% + 0.03- COPIOO% Equatlon 2

Both SEER and ESEER enable efficiency comparisons across air conditioning units and
inform regulatory standards to promote energy conservation and minimize environmental
impacts. Notably, there is a significant discrepancy between the average and top-tier
energy efficiencies of cooling devices on the market, as shown in Figure 9. This gap implies
that there is significant potential for improvement by promoting the transition from
average to of best-in-market cooling devices IEA, 2018a). This gap indicates a significant

opportunity for reducing overall energy demand and related environmental impacts.
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Figure 9: Overview of energy efficiency (SEER) of cooling devices around the world (IEA,
2018a).

2.3.4 Refrigerants

As mentioned above, refrigerants are crucial in cooling equipment, enabling heat
exchange. While ancient methods used natural substances like water as refrigerants,
technological advancements introduced synthetic refrigerants to enhance cooling
efficiency. Now, environmental concerns are driving a return to natural refrigerants for

sustainable cooling. This history is detailed in the following section.

2.3.4.1 A History of Refrigerants in four Generations

The evolution of refrigerants is can be divided into four generations, each driven by the
need for safer and more environmentally friendly options, as shown in Figure 10 (Calm,
2008). Initially, in the 1830s, Jacob Perkins' vapor-compression machine used hazardous
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substances like isoprene, followed by the introduction of efficient but flammable and toxic

chemicals such as propane (R-290) and ammonia (R-717).8

fourth generation

2010-

global warming

zero/low ODP, low GWP,
short 7,,.,, high efficiency

third generation
1990-2010s
ozone protection
(HCFCs), HFCs, NH.,
H,0, HCs, CO,, ...

second generation
1931-1990s

safety and durability
CFCs, HCFCs,
HFCs, NH,, H,0, ...

Figure 10: An overview of the four generations of refrigerants, from (Calm, 2008).

The second generation emerged in the late 1920s, when Thomas Midgley Jr. developed
chlorofluorocarbons (CFCs), like R-11 and R-12, significantly reducing the risks of toxicity
and flammability for household refrigeration. The 1950s saw the rise of
hydrochlorofluorocarbons (HCFCs), which further enhanced safety for domestic use

(Calm, 2008).

In an effort to preserve the ozone layer, the third generation came into effect post-1985
with global agreements like the Vienna Convention and the Montreal Protocol, facilitating
a switch to hydrofluorocarbons (HFCs) (Vienna Convention for the Protection of the Ozone
Layer, 1985; Montreal Protocol on Substances That Deplete the Ozone Layer, 1987). This
shift successfully curtailed ozone depletion, stabilizing stratospheric ozone levels by the

late 1990s (Ritchie et al., 2023).

Today, the focus is on combating climate change. The Kyoto Protocol addressed
greenhouse gases but neglected certain ozone-depleting substances that exacerbate global

warming (The Kyoto Protocol to the UNFCCC, 1997). This oversight prompted regions to

8 The R-designation is the ASHRAE standard naming system for classifying refrigerants. It
consists of "R-" followed by a unique number (e.g., R-134a). This system helps identify refrigerants

based on their properties and chemical composition (ASHRAE, 2019).

26



Cooling for Comfort, Warming the World Theoretical Context and Background

enforce stringent measures like the European F-gas directive, leading to the fourth-
generation refrigerants with low global warming potential (GWP) (Regulation on
Fluorinated Greenhouse Gases, 2014). This directive phased out high-GWP refrigerants
in domestic refrigerators by 2015 and will extend the ban to larger air conditioning

systems by 2025.

2.3.4.2 The Status Quo of Refrigerant Choices: Tradeoffs Abound

Manufacturers are crafting low-GWP refrigerants to meet the F-gas directive, balancing
environmental impact, safety, and efficiency. For instance, R-410a, a substitute for R-22,
has zero ozone depletion potential (ODP) but has a higher GWP by 16% as shown in Table
3, and reduces energy efficiency by 6% (Calm, 2008). Fluoro-olefins, like R-1234yf, offer
lower ODP and GWP, but they're less stable and more toxic, potentially breaking down
into other high-GWP substances, leading to complex interactions and trade-offs among

environmental goals.

The European Commission's research into eco-friendly refrigerants highlights R-32's
growing use in air conditioners for its lower GWP relative to traditional HFCs like the
widely used R-410a (European Commission, 2020). Moreover, natural refrigerants such
as CO2, ammonia, and hydrocarbons like propane are becoming popular in various

applications due to their near-zero GWP.

2.3.4.3 Natural Refrigerants

Natural refrigerants are compounds that occur naturally in the environment and can be
used as cooling agents in refrigeration systems. They have regained attention as potential
alternatives to commonly used HFCs like R-134a and R-22 in recent decades due to their
low environmental impact. Commonly investigated natural refrigerants include carbon
dioxide propane ammonia and water (Alsouda et al., 2023; Fedele et al., 2023; Singh &
Jitendra, 2022).

Carbon dioxide (COz / R-744), is non-flammable and used in industrial cooling and heat
pump water heaters in Japan (Hashimoto, 2006). Propane (CsHs / R-290), a flammable
hydrocarbon, is commonly employed in domestic refrigerators, freezers, and air
conditioning systems (UNEP, 2022). Ammonia (NHs / R-717), despite its toxicity and
flammability in certain scenarios, has over a century of use, particularly in Northern
Europe's industrial refrigeration and food processing sectors (Calm, 2008). Water (H20 /

R-718), serves as a common refrigerant in large absorption chillers.
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All of these natural refrigerants have an ozone depletion potential (ODP) of zero and—
with the exception of carbon dioxide—also boast a GWP of zero, as shown in Table 3

(Hodnebrog et al., 2020).

Table 3: Global warming potential (GWP) of common and potential future refrigerants.
Based on (Hodnebrog et al., 2020).

Refrigerant GWP (kg COzeq/kg)
R-404a 4,985
R-410a 2,376
R-22 2,058
R-407¢ 2,005
R-134a 1,603
R-32 809
R-152a 172
CO2 (R-744) 1
R-1234yf 1
Ammonia (R-717) 0
Water (R-718) 0
Propane (R-290) 0

2.3.5 Predominant Cooling Technologies

Cooling methods fall into two categories: active and passive. Active cooling employs
mechanical systems to actively extract heat, while passive cooling utilizes natural
processes and design features to control temperature without mechanical intervention.
While active cooling dominates current practice, passive cooling is gaining ground as it

aligns better with sustainable building design.

2.3.5.1 Active Cooling

While the basic mechanism of cooling remains the same for most active cooling
technologies, its implementation varies per technology. Active cooling can be subdivided
into three main types: traditional air conditions, heat pumps, and district cooling (IEA,
2018a). Traditional air conditioners are commonplace in residential and office (RO)
sectors in the form of portable air conditioners, split air conditioners, and chillers, as
shown in Figure 11. Portable air conditioners are standalone units that are easy to install,
typically needing just a venting hose. They operate by drawing indoor air to cool the
condenser and venting it outside. Despite their convenience, they are often less energy

efficient and slower to cool due to air circulation limitations. However, their ease of
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installation and relatively low cost have rendered them popular among homeowners,

especially in the U.S.
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Figure 11: The most common types of cooling devices, from (IEA, 2018a).

Split air conditioners have two components: an outdoor condenser and an indoor
evaporator, which allows for improved heat exchange and overall efficiency. They are

particularly favored in European households and come in varying configurations from
single indoor units to multiple evaporator setups for larger spaces.

Chillers, commonly used for large-scale commercial and industrial cooling, use a
secondary loop of water or air to remove heat from their condensers, as shown in Figure
12. This coolant can be sourced naturally and is either released or cycled between the

condenser and a cooling tower or heat exchanger. Although more sophisticated and
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expensive than standard ACs, chillers are more efficient for larger buildings. They

typically achieve lower condensing temperatures, which improves cooling efficiency.
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Figure 12: Diagram of water-cooled chiller. Adapted from (HVAC Investigators, 2020).

Reversible heat pumps, as an alternative to conventional air conditioners, serve the dual
purpose of heating and cooling environments efficiently (Valancius et al., 2019). Heat
pumps use the inverse vapor-compression cycle for heating and, through the actuation of
a ‘reversing valve’—not present in all models—they can reverse their operation to provide
cooling, as depicted in Figure 13. Reversible heat pumps come in packaged systems, which
are often used in commercial buildings, or split systems, which are more common in
residential settings. Their dual-function capability makes them an energy-efficient choice
and lends to their climate resilience, an important feature in an era focused on reducing
energy consumption. Reversible heat pumps come in three main types, depending on the

external medium they draw exchange heat with: air, ground, or water.

Air source heat pumps are the most akin to traditional air conditioners, drawing or
expelling heat from the air outside, depending on the required function. They are the most
straightforward to install, compact for residential use, and generally the most cost-
effective. However, their efficiency can be less than that of ground or water source pumps.
Ground source heat pumps need a network of underground pipes to circulate a fluid,
taking advantage of the ground's relatively constant temperature to transfer heat. Their
superior efficiency comes at the cost of a higher initial outlay and the need for significant

land for installation, making them better suited to large complexes rather than individual
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homes. Water source heat pumps, meanwhile, rely on a body of water for their heat

exchange, with installation complexity and costs varying based on the site.
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Renewable energy sources

Figure 13: Mechanics of heat pumps used for cooling (in blue) or heating (in red), from
(Valancius et al., 2019)

Beyond these, alternative cooling methods like district cooling are emerging as innovative
and sustainable solutions for urban areas, functioning via a centralized system that sends
chilled water from a large chiller in a central plant to multiple buildings through insulated
piping (Inayat & Raza, 2019). The water, after absorbing heat from the buildings, returns
to the plant to be re-chilled. This system's centralized nature allows for energy
conservation, reduced environmental impact, and ease of maintenance, fitting for densely

populated areas.

Though not a direct cooling strategy, mechanical ventilation is pivotal for thermal comfort
through proper airflow and indoor air quality management. Active ventilation, including
fans and sophisticated systems with sensors and controls, ensures an optimal indoor
environment (Zmeureanu & Yu Wu, 2007). Energy recovery ventilators are particularly
effective in conserving energy by transferring thermal energy between incoming and
outgoing air streams (Kragh et al., 2005). Such active ventilation is essential in modern
airtight buildings to maintain healthful indoor air standards while curbing energy use,

thereby supporting sustainable and comfortable living spaces.

2.3.5.2 Passive Cooling

Besides using mechanical cooling, buildings can also be cooled in passive ways. Passive
cooling uses natural mechanisms and architectural design to cool without the need for

energy input or refrigerants. The most common passive cooling method is simply natural
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ventilation, letting outside air carry heat away from a room by opening a window. This
method is taken a step further by implementing electronic optimization of ventilation
rates and duration, as well as night ventilation: mostly ventilating at night as the outside

air 1s cooler at that time (Solgi et al., 2018).

Phase change materials (PCM) are a recent development in passive cooling. Their working
is similar to evaporation: a solid material takes up heat from its surroundings by changing
to a liquid phase (melting). Using materials with melting temperatures close to room
temperature, they can cool a house during the day by melting and solidify again during
the night (Farid et al., 2004). PCMs can play an important role in passive cooling systems
due to their capability to absorb and release significant amounts of thermal energy during
their phase change. PCMs include paraffins, salt hydrates, and fatty acids. However, their
production can involve energy-intensive processes and the use of potentially harmful

chemicals, raising environmental concerns (Memon, 2014).

In addition, architectural choices such as building orientation, insulation, shading
features, and building material selection with regards to thermal mass can also be
considered passive cooling (see section 2.2.2 for more detail). Another type of passive
cooling is evaporative cooling. Evaporative cooling relies on the natural process of water
evaporation to reduce indoor temperatures. In an evaporative cooling system, air is passed
over water-saturated pads or media, causing the air to absorb moisture and lower in
temperature. The cooled, moist air is then distributed into the indoor space. Evaporative
cooling is energy-efficient and environmentally friendly, particularly effective in dry and
arid climates. It offers an affordable alternative to traditional air conditioning, but its

effectiveness depends on humidity levels, making it less suitable for humid regions.

Passive cooling is integral to sustainability, cutting energy use and aiding climate
mitigation. Advances in materials, design, and technology are refining passive cooling for
diverse climates. As green building norms and energy efficiency gain traction, passive

cooling is set to be key in developing eco-friendly, durable, and comfortable buildings.

2.3.6 Material Makeup

Active space cooling systems are constructed out of an array of materials, with some
bearing significant environmental implications and supply chain concerns. An overview

of the materials used in air conditioners and their impacts is provided in Table 4.
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Table 4: Overview of materials typically present in air conditioners. Based on (Li, 2015).

Material

Description

Copper

Aluminum

Refrigerants

Steel

Plastics

Electronic
components

Copper is prominently used in heat exchangers and refrigerant lines, especially
within split indoor/outdoor HVAC systems. Although it is not classified as a CRM,
its unparalleled thermal and electrical conductivity attributes render it critical,
especially for a myriad of renewable energy technologies. The demand for copper
is anticipated to witness a substantial surge, driven by the increasing adoption of
renewable energy sources in the foreseeable future. However, the environmental
footprint of copper mining includes land degradation, water contamination, and
soil erosion (DeWit, 2020; Elshkaki et al., 2016).

Aluminum finds its primary application in condenser and evaporator coils, as well
as in duct systems of HVAC units. Its lightweight nature combined with
impressive thermal conductivity makes it an ideal choice not only for HVAC
systems but also for electric vehicles and renewable energy apparatuses. As the
world leans more towards renewables, the demand for aluminum is projected to
rise significantly (DeWit, 2020). However, aluminum production is energy-
intensive with significant environmental impacts. It contributes to 1% of human-
caused GHG emissions, emitting 0.45-0.5 Gt of CO2 equivalents annually (Brough
& Jouhara, 2020).

Refrigerants, especially Hydrofluorocarbons (HFCs), play a pivotal role in heat
transfer in air conditioning systems. These HFCs are synthesized using fluorspar,
a CRM predominantly extracted in regions like China, Mexico, and South Africa.
The environmental challenges posed by fluorspar mining are considerable, leading
to water and soil pollution. Moreover, the geographically concentrated production
of fluorspar raises supply chain apprehensions (McCulloch & Lindley, 2003).

Steel is integral to the structure and function of HVAC systems, being used for
casings, frames, and a variety of internal components. The production process of
steel is notably resource-intensive, demanding vast energy inputs, predominantly
sourced from coal. This results in significant greenhouse gas emissions.
Furthermore, the water-intensive nature of steel production and the
environmental risks posed by iron ore extraction, a primary ingredient for
steelmaking, cannot be overlooked (Olmez et al., 2016)

Plastics in HVAC systems are utilized for casings, insulation, and other minor
components. Predominantly petrochemical-based, their production contributes to
increased fossil fuel demand. Post their lifecycle, plastics present significant waste
management challenges, often ending up in landfills or being improperly
discarded, leading to severe environmental pollution (Geyer et al., 2017).

Electronic components are vital for the seamless operation of HVAC systems.
These components, which include sensors, control units, and printed circuit
boards, house a diverse range of metals like gold, silver, copper, silicon, and
various CRMs and REEs. The extraction of these materials can lead to habitat
destruction, soil and water pollution, and the generation of hazardous waste.
Moreover, the low end-of-life recovery and recycling rates for these materials
exacerbate resource depletion and waste accumulation challenges (Canal Marques
et al., 2013; Robinson, 2009).
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Central to these are metals like copper, steel, and aluminum, as well as electronic
components which often contain critical raw materials (CRMs) and rare earth elements
(REEs). CRMs are a group of raw materials that are considered essential for the economy
and whose supply may be at risk due to various factors, including geopolitical instability,
supply chain vulnerabilities, or environmental concerns (Baranzelli et al., 2017).
However, the exact CRM inventory of ACs is yet unknown, and this is expected to be the

case with other cooling technologies as well (Heikkil&, 2008).

Emerging cooling technologies like PCMs offer potential alternatives, yet their
environmental impacts remain unclear due a current lack of comprehensive life cycle

assessments.

2.3.6.1 Waste Generation

In their end-of-life phase, air conditioners and other space cooling equipment is classified
as Waste Electrical and Electronic Equipment (WEEE), such as air conditioners, is a
significant concern for various reasons beyond its carbon impact. In 2019, 53.6 million
metric tonnes of WEEE, or e-waste, were generated globally, with just 17% formally
collected and recycled (Forti et al., 2020). A substantial proportion of the remaining 83%
of e-waste, particularly from high-income countries, is illegally exported to informal
facilities in Africa and Asia. These facilities typically lack the necessary safety measures,
posing severe environmental and health hazards due to the unsafe extraction and disposal
of valuable and hazardous substances such as heavy metals and persistent organic
pollutants. Secondly, the low recovery rate of valuable materials, such as copper,
aluminum, and CRMs, represents a significant economic loss and contributes to resource

depletion.

To combat these issues, the Netherlands and the EU at large have committed to circular
economy strategies aiming at minimizing waste and maximizing resource efficiency. The
European Circular Economy Action Plan identifies electronics as a key product value
chain, emphasizing eco-design, repair, reuse, and responsible recycling (A New Circular
Economy Action Plan For a Cleaner and More Competitive Europe, 2020). In this context,
the management of materials in space cooling equipment and the waste they generate
become increasingly significant. The Dutch government's Circular Economy
Implementation Program 2019-2023 further promotes circularity in electronics by

encouraging business models based on service, sharing, and lease (Rijksoverheid, 2019).
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Understanding and improving the material efficiency and waste handling of space cooling

equipment aligns directly with these policy goals.

In conclusion, the environmental impacts and supply chain vulnerabilities of space cooling
equipment are closely tied to the materials they are composed of. Addressing these issues
involves more sustainable material sourcing, improving material efficiency, and

promoting R-strategies for cooling devices.

2.3.7 Market Penetration and Cooling Technology Mix

Globally, the residential market penetration rate (MPR) of ACs is currently at 30% of
households (IEA, 2018a). This is expected to more than double to 64% by 2050.
Consequently, the global air conditioner stock is anticipated to increase from 1.6 billion

to 5.6 billion devices, as shown in Figure 14 (IEA, 2018b).
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Figure 14: Global air conditioner stock, 1990-2050, from (IEA, 2018b).

However, research on the market penetration of cooling equipment in the Netherlands
has been limited. An early study estimated the market penetration of residential cooling
systems at 1.5% (van Kempen, 2000). However, more recently, a survey was performed by
TNO (Netherlands Organization for Applied Scientific Research) to gauge the MPR for
varying cooling technologies in Dutch residences (Rovers et al., 2021). The main results

of this survey are presented in Table 5.
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The average MPR of cooling equipment in Dutch residences was determined by TNO to
be 18%. Besides this, the data point at several noteworthy trends. First is the prevalence
of portable air conditioners, constituting half of all cooling equipment installations within
the surveyed sample. Large split-type air conditioners make up 39% of the installed
cooling systems, while ground source heat pumps and other cooling equipment are less

popular, making up the remaining 11%.

Table 5: Survey results on the market penetration rate of cooling equipment, broken
down to portable AC, large split AC, and ground-source heat pumps (GSHPs), based on
income, location, and building type. Adapted from (Rovers et al., 2021).

Portable AC Large split AC GSHP Other Total
<€15,000 4.4% 0.9% 0.5% 0.0% 5.7%
Household €15,000—€30,000 10.3% 4.1% 0.5% 0.5% 15.3%
income €30,000—€60,000 9.1% 6.5% 0.6% 0.0% 16.2%
> €60,000 12.6% 13.9% 3.0% 0.9% 30.4%
Amsterdam
The Hague 7.0% 1.8% 0.5% 0.1% 9.5%
Rotterdam
North-Holland
South-Holland 6.7% 5.8% 1.2% 0.6% 14.4%
Utrecht
Friesland
Location  Groningen 17.2% 6.9% 0.0% 0.0% 24.1%
Drenthe
Overijssel
Gelderland 7.5% 7.5% 1.3% 0.0% 16.3%
Flevoland
Limburg
North-Brabant 10.0% 12.9% 1.0% 0.0% 23.9%
Zeeland
Row house (terraced) 6.2% 5.5% 0.5% 0.2% 12.4%
Row house (corner) 7.2% 8.7% 1.4% 0.0% 17.3%
?y‘;lidmg Semi-detached 12.9% 17.4% 1.9% 0.7% 32.8%
Detached house 8.9% 13.7% 3.2% 1.6% 27.4%
Apartment 11.3% 2.4% 0.9% 0.0% 14.5%

Also worth noting is the strong correlation between household income and the ownership
of active cooling equipment, which is supported by a high coefficient of determination (R?)
of 0.91, as shown in Figure 15. From Table 5 it seems that high-income households are
not only more likely to have installed active cooling equipment but also that they tend to
opt for more advanced and expensive cooling systems such as heat pumps, which come at
a higher cost than split-type and portable ACs.
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Figure 15: Market penetration rate of active cooling equipment per household income in

the Netherlands. Based on (Rovers et al., 2021).

Furthermore, the MPR of cooling equipment varies by region. The MPR in major Dutch
cities—including The Hague—is lower at 10% compared to the national average of 18%,
likely due to the presence of lower-income neighborhoods in urban areas. In contrast,
cities, especially lower-income urban neighborhoods, face more pronounced heat stress
challenges due to the UHI effect, introducing a dimension of climate injustice into the

equation. This is elaborated upon in section 2.4.2.2.

Lastly, the breakdown of MPR by building type reveals that freestanding houses exhibit
a higher prevalence of cooling equipment usage. This trend can also likely be attributed

to the generally higher income levels associated with these housing types.

2.4 The Impacts of Cooling

The following section delves in the impacts of the growing demand for space cooling,
highlighting environmental issues like rising energy consumption, greenhouse gas
emissions, and resource depletion; as well as social issues such as health risks and climate

inequality.

2.4.1 Environmental Impacts

The growing demand for space cooling has various environmental impacts. Most notable
are GHG emissions from electricity use and refrigerant leaks during the use-phase of

cooling equipment. Additionally, the production and end-of-life stages of these devices
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contribute to resource depletion and ecotoxicity, as well as accounting for nearly 30% of

the associated GHG emissions (Yanagitani & Kawahara, 2000).

2.4.1.1 Electricity Use

Currently, space cooling consumes 2 PWh of electricity annually, equivalent to 10% of
global electricity usage (IEA, 2018a; U.S. Energy Information Administration, 2023). By
2050, this is expected to triple to 6 PWh, while some studies suggest even more significant
growth to 17 PWh (IEA, 2018a; Santamouris & Vasilakopoulou, 2021; U.S. Energy
Information Administration, 2023). There is a broad consensus that space cooling will
become the primary component of building-related energy consumption by 2100
(Santamouris & Vasilakopoulou, 2021). In the EU, space cooling is projected to rise by
60%, from 135 to 220 TWh by 2050 (IEA, 2018a). There is limited research on space cooling
energy use in the Netherlands, but estimates for residential space cooling range from 0.15
to 0.26 TWh, accounting for 0.14% to 0.26% of total electricity demand (CBS, 2023a;
Rovers et al., 2021). These estimates are likely conservative, as they are based on an MPR
of cooling equipment below 5% and may underestimate actual space cooling energy

consumption.

The anticipated rise in energy demand for space cooling poses a challenge to electricity
grids worldwide, including the Netherlands. Many grids are already operating near their
limits, and the additional strain from increased cooling needs can lead to grid instability

and power shortages (NOS, 2023a; TenneT TSO B.V., 2022).

Energy efficiency of cooling equipment

The energy efficiency of cooling equipment strongly influences electricity consumption
from space cooling. Improving energy efficiency is a key strategy to reduce energy
consumption and related GHG emissions from space cooling. On a European level
Minimum Energy Performance Standards (MEPSs) and energy labeling for household
cooling equipment requirements are in place to ensure a sufficient standard of energy
efficiency (Ecodesign Requirements for Household Refrigerating Appliances, 2009;
Ecodesign Requirements for Air Conditioners and Comfort Fans, 2012; Eurovent
Certification, 2022). However, Dutch policy lacks specific energy efficiency requirements

for space cooling equipment.

Several key drivers influence the energy efficiency of cooling equipment. Firstly,

technological advancements continuously increase energy efficiencies (IEA, 2018a).
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Recent EU policies have introduced stricter MEPS for certain equipment types, with
revisions anticipated to further improve efficiency (Ecodesign Requirements for Air
Heating Products, Cooling Products, High Temperature Process Chillers and Fan Coil
Units, 2016). Secondly, socio-cultural factors including environmental awareness drive
demand for energy-efficient equipment. Consumers have historically chosen more
efficient alternatives as they become available. Finally, economic factors, including GDP
per capita and equipment prices, influence the adoption of high-efficiency cooling
equipment. Rising electricity costs can encourage consumers to invest in more efficient
options. Notably, the energy efficiency often carries more weight than electricity price in
determining consumer preferences (Rapson, 2014). With the guide of policy and
regulation, these drivers collectively determine average energy efficiency of cooling

equipment.

Greenhouse Gas Emissions from Electricity Consumption

GHG emissions from using electricity for space cooling are determined by the carbon
intensity of electricity generation. This refers to the emissions produced per unit of
generated energy and is commonly measured in g CO2-eq/kWh or kg COz-eq/kWh. This
intensity varies based on the mix of energy sources used for electricity generation, or the
electricity grid mix. Carbon intensity of electricity depends heavily on geographic location,
as displayed in Figure 16. Regions with a high cooling demand also tend to have worse-
than-average carbon intensities. For example, in recent years, large heatwaves have
plagued regions like the Indian subcontinent and the Arabic Peninsula, which are
characterized by carbon inefficient electricity grids. As long as the global electricity mix
remains dominated by fossil-fuels, the electricity demand from space cooling will produce
significant GHG emissions. Currently, the total estimated carbon footprint of global space

cooling-related electricity use being 1.14 Gt COz-eq in 2016 (BP p.l.c., 2022; IEA, 2018a).

As for quantifying the carbon intensity of the electricity production mix, two main
measures exist: direct GHG emissions and life-cycle GHG emissions. These are also
referred to as Scope 1 and Scope 3 emissions, respectively. Scope 1 emissions are direct
GHG emissions at the power generation site, primarily from burning fossil fuels. Scope 1
emissions are simpler to calculate and easier to manage in complex scenarios. European
and Dutch reporting organizations mainly use Scope 1 emissions data (EEA, 2023), and
Statistics Netherlands (CBS) explicitly exclude life-cycle impacts from their reports (CBS,
2015; Harmelink et al., 2012).
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Figure 16: Electricity source mix (left) and carbon intensity, including life-cycle

emissions (right), for a selected number of regions, based on (Ritchie et al., 2022).

Scope 3 emissions encompass indirect greenhouse gas emissions throughout the entire life
cycle of electricity production, including externalized impacts from, for instance,
constructing wind turbines, mining coal, transporting biomass, or decommissioning
nuclear power plants. Even when the local electricity grid has a low carbon intensity,
upstream and downstream impacts from regions with carbon-intensive grids contribute

to Scope 3 emissions.

The differences between these scopes can be significant. For instance, including life-cycle
emissions for EU electricity production in 2019 resulted in a 31% higher carbon intensity

than commonly reported Scope 1 emissions, as shown in Figure 17.
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Figure 17: Comparison of direct and life-cycle carbon intensities of the 2019 EU and
Dutch electricity grids, based on (EEA, 2023; Scarlat et al., 2022; van der Niet &
Bruinsma, 2022).
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Evolution of the Global Electricity Grid

While expected to rise, global electricity demand is outpaced by the projected growth in
low-carbon energy sources, achieving absolute decoupling of electricity generation and

GHG emissions by 2030 across all IEA scenarios, shown in Figure 18 (IEA, 2021b).
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Figure 18: Expected global electricity demand and electricity production mix, for
multiple IEA scenarios: the Stated Policies Scenario (STEPS), the Announced Pledges
Scenario (APS), and the Net Zero Emission by 2050 scenario (NZE); from (IEA, 2021b).

However, historical progress in expanding renewable electricity generation is not meeting
the goals set by the Paris Agreement, which aims for net-zero emissions by 2050 (IEA,
2021b). To achieve this, installation of renewable electricity capacity must occur 80%
faster than current rates (IEA, 2021a). While absolute decoupling of global electricity
production and GHG emissions is anticipated, the demand for cooling is expected to
outpace grid decarbonization rates. The carbon footprint of space-cooling is projected to
increase from 1.14 Gt to 2.07 Gt by 2030, or an increase from 8% to 15% of global
electricity-related GHG emissions (see Figure 19) (IEA, 2018a).
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Figure 19: Historical and projected electricity demand and GHG emissions from space

cooling, 1990-2050, from (IEA, 2018a).
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Evolution of the Dutch Electricity Grid

Figure 20 shows that natural gas currently makes up most of the Dutch electricity
production mix (58%). Coals and other fossil fuels make up another 17%, putting the share
of low-carbon sources at only 24%. As a result, the Dutch electricity grid has a life-cycle
carbon intensity of 427 g CO2-eq/kWh, one of the highest in the EU, as detailed in Figure
21 (Ritchie et al., 2022; van der Niet & Bruinsma, 2022).
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Figure 20: The 2019 Dutch electricity production mix. Based on (van der Niet &
Bruinsma, 2022).
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Figure 21: Carbon intensities and shares of low-carbon sources for selected EU electricity

grids, 2019, based on (Ritchie et al., 2022).

In 2019, the Dutch Ministry of Economic Affairs and Climate introduced the "Integrated
National Energy and Climate Plan 2021-2030," set the target of 26% renewable energy
(including electricity, heat, and fuels) in the Dutch energy supply by 2030 (Ministerie van
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Economische Zaken en Klimaat, 2019). In addition, the 2019 Climate Agreement
(“Klimaatakkoord”) set two main targets: a 49% reduction in greenhouse gas emissions
by 2030 (compared to 1990 levels) and 100% carbon-neutral electricity generation by 2050
(Klimaatakkoord, 2019). However, declining natural gas availability due to the Russia-
Ukraine conflict and the shutdown of the Groningen gas field has led to an increase in
coal-based electricity generation in 2021, as depicted in Figure 22. This development

jeopardizes the path to full decarbonization by 2050 outlined in the Climate Agreement.

100%

Bioenergy

Solar
80%
Wind

Hydropower
Nuclear
Oil

60%

40%

20%

Coal

0%

1990 1995 2000 2005 2010 2015 2021

Figure 22: Evolution of Dutch electricity production mix, 1985-2021, based on (Ritchie et
al., 2022).

2.4.1.2 Refrigerant Leaks

As mentioned in section 2.3.4, most common refrigerants have a high GWP, which is a
concern when they leak through cracks or holes in the coils of air conditioning units. The
rate at which these leaks occur is thus an important factor when assessing the climate
impacts of space cooling. However, leakage rates vary significantly based on the type of
equipment, the specific refrigerant used, and maintenance practices (Purohit et al., 2020).
Residential air-conditioning units, for instance, exhibit annual leakage rates of
approximately 1-5%, whereas portable air conditioners can exhibit much higher annual

leakage rates, ranging from 10-20%, as shown in Table 6 (Penman et al., 2000).

Apart from the annual leakages that occur during the operational lifespan of air
conditioners, it is important to acknowledge that leakages can also transpire during the
assembly process and the end-of-life treatment of these units. Assembly-related leakages
can stem from imperfect connections, faulty components, or human error during

installation.
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Table 6: Average refrigerant leakage rates, based on (Penman et al., 2000).

Application Annual Leakage Rate
Domestic Refrigeration 0.1-0.5 %
Stand-Alone Commercial Applications 1-10 %
Medium and Large Commercial refrigeration 10-30 %
Transport Refrigeration 15-50 %
Industrial Refrigeration including Food Processing and Cold Storage 7-25 %
Chillers 2-15%
Residential and Commercial A/C, including Heat Pumps 1-5%
Portable Air Conditioners 10-20 %

Conversely, end-of-life treatment involves the disposal or recycling of air conditioners,
which can lead to refrigerant leakage if not carried out properly. Refrigerant leaks across
the product lifecycle contribute significantly to climate change. As mentioned in section
2.2.4.1, without a swift global phase-out of HFCs, these leaks alone could exceed the 1.5°
C carbon budget (Dreyfus et al., 2020; Matthews et al., 2020).

HFC leaks have environmental impacts beyond contributing to global warming. As
discussed in section 2.3.4, although they are less harmful to the ozone layer compared to
CFCs, they still contribute to ozone depletion in significant quantities (Calm, 2002;
Hurwitz et al., 2015). Additionally, some HFCs have shown toxicity to maternal and fetal
development in rodent studies, raising concerns about ecotoxicity, which warrants further

research (Ema et al., 2010)

Refrigerants also influence the environmental impacts of electricity use (discussed in
section 2.4.1.1) because they affect the energy efficiency of cooling equipment. Each type
of refrigerant has a particular efficiency in cooling the local environment, meaning gains

or losses can be made in terms of energy use from active cooling technologies (IEA, 2018a).

2.4.1.3 Material Demand

Manufacturing the 4 billion cooling devices expected to be newly installed by 2050 puts a
large toll on a number of material supply chains (IEA, 2018b; T. Peters, 2018). As
mentioned in section 2.3.6, cooling technologies contain many materials, including CRMs
and metals like copper, steel, and aluminum, each with considerable environmental and
supply chain implications. Key components of air conditioning units, such as compressors,
motors, and electronic controls, often contain CRMs, of which the extraction can lead to
environmental damage and supply chain vulnerabilities due to geopolitical situations.

Copper and aluminum extraction and refining can lead to environmental impacts, such
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as land degradation, water pollution, and greenhouse gas emissions (Brough & Jouhara,
2020; Elshkaki et al., 2016). Refrigerants, particularly HFCs produced using fluorspar,
are crucial in air conditioning systems but pose significant environmental impacts and
supply chain concerns due to geographically concentrated production (McCulloch &
Lindley, 2003). Other integral materials in these systems include steel, plastics, and
electronic components, which contribute to energy consumption, waste generation, and
environmental pollution due to their extraction and production (Canal Marques et al.,
2013; Geyer et al., 2017; Olmez et al., 2016; Robinson, 2009). The improper handling of
waste electrical and electronic equipment (WEEE) like air conditioners poses additional
environmental and health risks and contributes to resource depletion due to low recovery

rates of valuable materials (Robinson, 2009).

2.4.2 Social Impacts

In addition to environmental impacts, the widespread use of space cooling in urban areas
carries significant social implications. These include concerns about public health, as
cooling systems can cause noise pollution and can worsen the UHI effect, with potential
health consequences. Furthermore, issues of climate justice emerge as the UHI effect
tends to hit poorer areas hardest, and the cost of space cooling can be a burden on
vulnerable populations. This section explores these social aspects of space cooling.
Although they are important, social impacts are not explicitly modeled in the calculations

and are beyond the scope of the research discussed in later chapters.

2.4.2.1 Health Impacts

Cooling systems have become indispensable in many parts of the world, significantly
improving indoor comfort and human health during hot weather. However, it is important
to recognize that these systems can have multifaceted impacts on human health, beyond

their cooling benefits.

One significant concern is noise pollution. The operation of AC units, particularly in
densely populated urban areas, can generate substantial noise levels (Claudia et al., 2017,
Dandsena et al., 2021; Soeta & Shimokura, 2017). Prolonged exposure to such noise can
lead to sleep disturbances, stress, and even adverse cardiovascular effects, impacting the
overall well-being of residents (Basner et al., 2014; Geravandi et al., 2015; Jariwala et al.,

2017).
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Furthermore, the operation of AC units can contribute to the heating of microclimates, as
discussed in section 2.2.3. As these systems expel heat into the outdoor environment, they
can raise local air temperatures, up to 1 °C, contributing to the UHI effect, which further
drives up cooling demand and risk of heat stress (Salamanca et al., 2014). This feedback
loop, driven in part by the widespread use of ACs, can have significant health
implications, particularly for vulnerable populations such as the elderly and those with

preexisting health conditions.

2.4.2.2 Climate Justice and Urban Heat Islands: The Socioeconomic

Implications of Space Cooling

Environmental justice encompasses the principles of fairness, equity, and justice, with
the aim of rectifying the unequal distribution of environmental burdens and benefits
among social groups (Schlosberg, 2013). Climate justice is a prominent example of this,
which describes the disproportionate impact of climate change on disadvantaged and
vulnerable communities, which bear the least responsibility for climate change (Barrett,
2013). To exacerbate this, these communities historically bear the least responsibility for
climate change, with the Global North, comprising more affluent nations, responsible for
a substantial 92% of excess GHG emissions (Hickel, 2020a). In contrast, the Global South
bears 90% of the costs associated with the climate crisis and experiences 98% of the

associated deaths (Hickel, 2020b; McKinnon et al., 2022).

This double inequality is not only present on a global scale, but also within the
Netherlands. For example, the wealthiest 1 percent of the Dutch population is responsible
for the majority of climate damage, emitting ten times more greenhouse gases than those
with lower incomes (Ecorys, 2022). Over the past three decades, emissions from the
poorest have fallen by 40 percent, while the wealthiest have reduced emissions by just 3
percent. Ironically, the wealthy receive more subsidies to reduce emissions but make
limited progress. In 2017, Dutch households received €750 million in emissions reduction
subsidies and tax incentives, with 80% going to rich households and 20% to poor
households (Vergeer, 2017). This distribution can be attributed to the nature and
eligibility criteria of these subsidies, which often require individuals to have substantial
initial capital and ownership of homes or cars. Subsidies generally offer discounts on
green investments, which, even with subsidies, often amount to several thousand euros,

making them unaffordable for most low-income households.
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One manifestation of environmental and climate injustice is the disparate distribution of
the UHI effect. Research has shown that individuals of lower socioeconomic status or
those living in disadvantaged neighborhoods often reside in areas with a higher density
of built environments and fewer green and water spaces, resulting in a higher local UHI
(Harlan et al., 2007; Sanchez & Reames, 2019). The increased exposure to UHI effects
imposes a higher risk of heat stress and reduced air quality on these populations, with

the potential to exacerbate pre-existing health conditions (Hajat et al., 2010).

The increased local temperature heightens the demand for cooling solutions like air
conditioning. However, these individuals or communities generally lack the resources
needed to afford such cooling equipment. Present and future air conditioning use is
primarily concentrated in high-income households (L. Davis et al., 2021). This trend holds
true not only on a global scale, where wealthier countries have greater air conditioning
prevalence, but also within individual nations. This pattern is particularly pronounced in
lower-income countries like Pakistan, where the vast majority of air conditioner adoption

through 2050 1s expected to occur among the upper-income segment.

In summary, the poorest nations and socioeconomic communities have limited access to
cooling equipment. Given the high price elasticity of air conditioners (as discussed in
section 2.2.4.2), people will typically choose to purchase more affordable air conditioners
when their economic status improves. These cheaper air conditioners are associated with
higher environmental impacts due to less energy-efficient design and the use of
environmentally harmful materials and refrigerants (Gupta et al., 2021; UNEP, 2017).
They typically also have shorter life spans, requiring more frequent replacement and
increasing material footprint through greater waste generation and disposal. This leads
to further financial strain due to higher electricity costs, and contributes to increased
carbon emissions, exacerbating climate-related challenges. This cycle exemplifies cooling
inequality, considering that the regions with the highest cooling demand, often in lower-
income and tropical areas, typically have fewer resources available to provide efficient

and environmentally friendly cooling solutions.
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3 Research Design

This chapter provides a detailed overview of the research methodology, segmented into

the following sections:

Scope: The temporal, geographical, technological, and environmental boundaries of the

study are defined to establish the research context.

Modeling the Status Quo: The determination of present cooling demand in residential
and office buildings in The Hague 1is explained. This process involves
Geographic Information System (GIS) analysis to determine the building stock and its
characteristics, along with thermodynamic modeling in Python for cooling demand
calculations. Additionally, this section sets out the approach for estimating the

environmental impacts associated with the calculated cooling demand.

Scenario Modeling: This part explores the drivers affecting cooling demand projections
for 2030 and 2050. It explains the method of integrating these drivers into various
scenarios, the computation of future cooling demand, and the associated environmental

impacts within these scenarios.

Sensitivity Analyses and Extrapolation of Results: The robustness of findings is
assessed through sensitivity analyses, and results are extrapolated to derive conclusions

for the full residential and office building stock of The Hague.

3.1 Scope

This study focuses on The Hague, Netherlands, aiming to model both the current and
future cooling demands of the city's residential and office (RO) buildings and the
associated environmental impacts. Conducting a case study is a flexible method for
qualitative analysis, particularly effective for in-depth exploration of complex, multi-
faceted issues such as the increasing need for cooling and its environmental consequences
(Creswell, 2014). This study adopts a bottom-up approach, using individual buildings and
cooling devices as foundational elements for quantitative models. This approach allows
for detailed analysis of energy consumption at the end-use level, providing a more
nuanced understanding of technological options compared to broader top-down methods

(Nouvel et al., 2017).
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The study used a static thermodynamic model to assess cooling demands over various
time frames. For current demand and impact analysis, a five-year period from 2018 to
2022 was selected to minimize weather pattern anomalies and ensure availability of
complete yearly data, leading to the exclusion of 2023. The study used geospatial data
from the 2023 version of the national Registry of Addresses and Buildings (BAG) to
analyze the building stock (PDOK, 2023a). To calculate cooling demand, it relied on Royal
Netherlands Meteorological Institute (KNMI) weather data from the Hoek van Holland
station, which provides the most accurately available representation of local climate
conditions (KNMI, 2023b). These weather series feature an hourly temporal granularity
to reflect daily weather variations and the intermittent nature of space cooling needs.
Future cooling demands and environmental impacts were modeled using KNMI climate
scenarios and the 21 Climate Signal report, predicting weather patterns for 2030 and

outlining several scenarios for 2050 (Attema et al., 2014; KNMI, 2021).

The building stock analysis includes residential and office buildings with energy labels,
further categorized into eight distinct types by age and height, as shown in Table 7. Six
prevalent active cooling technologies were considered in the model, while passive cooling
was excluded due to the need for more dynamic modeling of thermal flows. This approach,
accounting for the time-lag effects of thermal masses, demands a more complex and

specialized modeling technique.

Environmental impacts were assessed across three categories: energy use, material

demand, and greenhouse gas (GHG) emissions.

Energy use of space cooling equipment is a significant impact factor in the use-phase of
space cooling equipment. Energy use was assessed independently from its climate impact
for several reasons. While improving grid carbon efficiency can reduce GHG emissions
from energy use, a strongly rising energy demand can still increase reliance on fossil fuels
through second-order effects, particularly if the grid isn't fully decarbonized. A heightened
energy demand not only contributes to climate change but also strains existing electrical
infrastructures. Broader environmental effects of energy use, such as biodiversity loss,
land use, air pollution, and resource depletion, are acknowledged but not quantified in
this model (Dale et al., 2010; Demirbas, 2009; Tawalbeh et al., 2021; S. Wang & Wang,
2015)

Material demand was determined by estimating the total size of the total cooling

equipment stock required to meet cooling demands, providing insights into both the
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equipment mass and its impact on abiotic resource depletion (ADP) and the Crustal
Scarcity Index (CSI). These impacts were annualized to illustrate the environmental
consequences of the continuous introduction of new equipment and the disposal of old

equipment.

Climate change impact of space cooling was determined by calculating GHG emissions
from four sources across the cooling equipment's life cycle. Primary among these is
electricity usage, which carries a carbon footprint due to the use of fossil fuels in power
generation. Refrigerants used in cooling technologies, typically with high global warming
potential (GWP), contribute to climate change through leaks during the use phase. Lastly,
simplified life cycle assessment (LCA) methods were used to quantify GHG emissions
associated with the production and disposal of cooling equipment, providing a

comprehensive view of the environmental impact of cooling demand.

Table 7: Overview of scope and granularity for the research.

Dimension Scope Granularity
Geographic The Hague municipality Building-level
Status quo: 2018-2022
T 1 Hourl
empora Scenarios: 2030, 2050 ouEy
Residential and office buildings
Technical: building types Old and new buildings —

Low rise and high-rise buildings

Air-Source Heat pump (ASHP)
Ground-source heat pump (GSHP)
Water-Source Heat pump (WSHP)
Chiller

Split AC

Portable AC

Energy use

Technical: cooling equipment

Environmental impact Material demand -
Climate change impact

3.2 Modeling the Status Quo

This section outlines the methodology used to answer the research questions:

1. What is the current cooling demand in residential and office buildings in The
Hague?

2. What are the environmental impacts of the current cooling demand in The Hague?
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The approach begins with the construction of a GIS model to collect detailed data on the
current stock of residential and office buildings in The Hague. Following this, a Python-
based thermodynamic model was utilized to evaluate the space cooling demand of these
buildings over the 2018-2022 period, representing the status quo. Finally, the cooling
demand was multiplied with a cooling technology matrix to determine each building’s
environmental impacts, which were then aggregated to determine the overall impacts.

These three main data layers and examples of spatial results are shown in Figure 23.

Environmental impacts

Cooling demand

Building stock

Cooling demand

Building stock

Building stock

Data layer Spatial result

Figure 23: Diagram showing the main data layers used in the research and examples of

their spatial results.

3.2.1 Geographic Information System Modeling

To determine the cooling demand of the residential and office building stock of The Hague,
the required building characteristics were extracted and pre-processed using a GIS

methodology. Specifically, QGIS and the GeoPandas library in Python were used for
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spatial data processing (Jordahl et al., 2020; QGIS.org, 2023). For a detailed overview of
the steps performed in the GIS software, please refer to Appendix B. For an overview of
the raw spatial datasets used in the analysis, see Appendix A. Finally, for the
implementation of the data extraction and processing in Python, please refer to the

gis.ipynb Jupyter Notebook in Appendix C.

Data from the 2023 Registry of Addresses and Buildings (BAG) was used to model the
current building stock of The Hague. This registry provides detailed shapefiles of all
buildings (Pand layer) and point data for all residences (Verblijfsobjecten layer) across the
Netherlands, including data like building age, end use (residential, office, commercial,
etc.), and floor area. The BAG data was first trimmed to fit within The Hague's municipal

boundaries using the Administrative Boundaries dataset (PDOK, 2023b).

This process identified a total of 157,784 buildings within The Hague. For thermodynamic
modeling purposes, additional building features were derived. Using the shape area of
each building, the roof and ground floor areas were determined. Building height was
obtained from BAG 3D data, calculated by the height difference between ground and roof
(R. Peters et al., 2022).910 The building volume was then computed by multiplying this
height with the ground floor area.

To account for building orientation, facade areas in each cardinal and ordinal direction
were calculated. Buildings were approximated as rectangles using the Minimum
Bounding Geometry function, yielding the width, length, and orientation azimuth ¢ of
each minimum bounding rectangle (MBR). Buildings were classified into one of four main
orientations based on this azimuth (see Figure 24 and Table 8). The facade surface area
in each direction was determined by multiplying the width of each MBR side with the
building height. For residential buildings, an average glazing percentage of 15% was
assumed, considering most row houses lack side windows. Office buildings, typically

standalone with higher glazing percentages, were assigned a glazing percentage of 25%.

9 The BAG 3D database was not used as the main dataset as it does not include residence-level

data or building function.

10 Building height was calculated by subtracting the ground floor elevation from the 70t: percentile
of roof elevation, which excludes anomalies like spires and steeply slanted roofs that are not

relevant for facade area and building volume calculations.
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=
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Figure 24: Facade orientation types.

Table 8: Facade orientation types.

# Building direction Range of polygon envelope azimuth
1 North—South [0°, 22.5°], [157.5°, 180°]
2 Northeast —Southwest  [22.5°, 67.5°]
3 East—West [67.5°, 112.5°]
4 Northwest—Southeast [112.5°, 157.5°]

Energy label data was obtained from the Energy label registry (EP-online) and linked to
the Residence layer using the BAG residence identification number (Rijksoverheid, 2023).
Energy label data was accessible for 55% of the total floor area across all end uses, with

availability rates of 61% and 68% for residential and office floor space, respectively.

As the model calculates cooling demand and impacts on a building-level, a spatial join
operation was conducted to link residence-level data to BAG buildings. Firstly, the total
floor area of each building was computed by summing the individual residence floor areas.
The number of residences in each building was saved as well, to later determine the
population size of each building. The primary end use within each building was
determined by grouping the constituent residences based on their end use and selecting
the end use with the largest floor area; buildings without a residential or office end use
were excluded from the cooling demand model. Finally, for each building, the mean energy

label was calculated by translating energy labels into numerical values, averaging them
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based on residence floor areas, rounding to the nearest integer, and then converting them

back into energy labels.

For this study, focusing on residential and office (RO) cooling, buildings were categorized
into three end use types: residential, office, or other. This classification resulted in 89,399
RO buildings, accounting for 79% of The Hague's total floor space (see Figure 25). It is
noteworthy that about a third of The Hague's buildings lacked a designated end use,
necessitating their categorization as 'other.' However, many of these appeared to be non-

heated or cooled structures like sheds or garages.

The analysis proceeded with the subset of RO buildings having available energy label
data, which included 66% of RO buildings, accounting for 78% of the respective floor space.

250,000 5,000 No end-use data
B Other
B Mixed
X 4,000 _
200,000 Office
Residential
122 o —————
2 150,000 3000
B £
3 3
5 @
£ 100,000 2000 38
£ I i
3
4
50,000 1,000
0 0

Figure 25: Building count and floor area per end-use in The Hague. Note that buildings
without end-use data are not represented in the floor area data, as they do not have any

residences registered to them and thus their floor area is not determinable either.

3.2.1.1 Building Types

Due to the lack of detailed, building-specific data on thermodynamic properties and to
keep the model's scope within limits, a streamlined approach was adopted for categorizing
buildings. This classification was based on end use, height, and construction year, with

each building type assigned standard thermodynamic properties.

Buildings were initially divided by their end use as either residential or office. For height
classification, the Netherlands defines high-rise buildings as those with five or more

stories, averaging 3.5 meters each in height (Blok & Roemers, 2017). Consequently,
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buildings standing at least 17.5 meters were classified as high-rise, while those shorter

than this threshold were categorized as low-rise.

Table 9: Overview of building types selected for analysis.

Building type End use Height Construction year

1 Residential >17.5 m > 2003
2 Residential >17.5 m <2003
3 Residential <17.5 m > 2003
4 Residential <17.56 m <2003
5 Office >17.5m >2003
6 Office >17.5m <2003
7 Office <17.5m >2003
8 Office <17.5m <2003

The construction year was the final classification criterion, differentiating between newer
and older buildings. Significant changes in building codes occurred in 2012 and 2003 The
cutoff year was set at 2003 since buildings constructed post-2012 only accounted for 5%
of the total surface area, while those built after 2003 represented 18%. Based on these
criteria, eight distinct building types were identified, detailed in Table 9.

3.2.2 Thermodynamic Modeling

After the basic building parameters of each residential and office building in The Hague
were identified, the cooling demand for each building was calculated throughout the
reference period (2018-2022). This was done with a static thermal balance model, referred
to as the cooling demand model (CDM), to calculate the thermal balance for each hour in

the reference period per building.!!

A variety of methods exist for calculating the space cooling demand for a building. A
straightforward static cooling demand model as outlined by Laure Itard was used for

modeling purposes, through which the thermal energy balance of a building is calculated

11 The thermodynamic model calculates thermal balances and can therefore also be used to
determine heating demand. However, in this study, it will be referred to as a cooling demand model

as it is solely used to find cooling demand.
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in four main components (van Bueren et al., 2012). An overview of the parameters used

in the thermodynamic model can be found in Appendix D to Appendix .

The thermal energy balance approach determines heat flows in and out of the building to
determine whether heating or cooling is needed, based on the first principle of
thermodynamics. The building was treated as a single zone with consistent temperature
and humidity, analyzing heat transfer through transmission, infiltration, ventilation,

solar, and internal gains.

3.2.2.1 Transmission

Thermal energy transfer through the building envelope, caused by the temperature
difference between indoor and outdoor air, can be quantified as transmission heat flows
(Pyrans) through a surface. These were calculated using Equation 3 and Equation 4 (van

Bueren et al., 2012):

Pirans =U-A(T, —T) [W] Equation 3
U 1
= 2K-1 Equation 4
ENPES [Wm 2K ]
ai ao
With:

e U: the transmittance of the surface [Wm2K-1] (see below)

e A:the area of the surface [m?]

e Ti: the outdoor temperature [K] (see below)

e Ti: the indoor temperature [K] (see below)

e R. the thermal resistance of the surface [m2KW-1] (see below)

e  Coefficients ai and a, represent the combined indoor and outdoor heat transfer
coefficients for convection and radiation, respectively. Typically, @i is 7.5 Wm2K-!
and a, ranges from 25 to 30 Wm2K-! (van Bueren et al., 2012). The following values
were assumed in the CDM: a; = 7.5 Wm2K-! and ao = 27.5 Wm2K-1.

Calculating the Outdoor Temperature (T,)

The outdoor temperature for The Hague (7,) was retrieved from KNMI weather data for
the 2018-2022 period. Among the various meteorological stations operated by KNMI, the
Hoek van Holland station is nearest to The Hague. Hourly air temperature and solar

radiation flux data were accessed from the Hoek van Holland station via the KNMI API
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(KNMI, 2023b). The Python script wused to retrieve this weather data,

functions/time_series.py, is provided in Appendix C.

Quantifying the Urban Heat Island Effect

Although The Hague is only 15 km away from Hoek van Holland, the urban heat island
(UHI) effect results in significantly higher temperatures in The Hague compared to the
Hoek van Holland weather station. To account for this, UHI effect-induced temperature
differences were added to the Hoek van Holland's hourly temperature data to better

reflect conditions in The Hague.

Research by the Netherlands Organization for Applied Scientific Research (TNO)
estimates that the UHI effect increases average air temperatures by 8.6 °C during the
day and 2.4 °C at night on hot summer days in The Hague (Klok, Schaminée, et al., 2012).
Similar findings were reported in the “Haagse Hitte” study, which provided a geospatial
analysis of The Hague's UHI effect (van der Hoeven & Wandl, 2018a). Given that peak
cooling demand occurs on such hot days, these heightened UHI effects were chosen to

represent scenarios when cooling is most needed, instead of using annual averages.!2

However, Hoek van Holland also experiences a UHI effect, being close to the port of
Rotterdam and the Westland greenhouse area. Although not included in the TNO study,
the National Institute for Public Health and the Environment (RIVM) has mapped an
average UHI effect of 0.3 °C for Hoek van Holland (Atlas Natuurlijk Kapitaal, 2017). As
specific day and night variations for Hoek van Holland are unavailable, this effect was

assumed constant over time.

Table 10: Urban heat island effect correction factors to account for the air temperature

difference between The Hague and the Hoek van Holland weather station.

Daytime Night-time
Location UHI effect (°C) UHI effect (°C) Source
The Hague 8.6 2.4 (Klok, Schaminée, et al., 2012)
Hoek van Holland 0.3 0.3 (Atlas Natuurlijk Kapitaal, 2017)
AUHI 8.3 2.1

12 Take note that incorporating this summertime urban heat island (UHI) effect does not yield

accurate simulations for colder months when cooling is not required.
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To adjust for the UHI difference between Hoek van Holland and The Hague, the 0.3 °C
effect was deducted from The Hague's temperature anomalies. The adjusted UHI effect
values are listed in Table 10. The daytime UHI effect value was added to the temperature
series for hours between 08:00 and 20:00, while the nighttime UHI effect value was added

to temperature from 20:00 onwards.

Determining the Relationship between Economic Status and UHI Effect

Section 2.4.2.2 discusses the unequal impact of the UHI effect as an example of climate
injustice, highlighting that lower socioeconomic groups, often in densely built and less
green neighborhoods, tend to experience more intense UHI effects. To explore this issue

in The Hague, a geospatial analysis was conducted.

Data on the average yearly intensity of the UHI effect was sourced from the Natural
Capital Atlas (Atlas Natuurlijk Kapitaal, 2017), while median household income and
mean house value per 100m x 100m census block were obtained from Statistics
Netherlands (CBS) (PDOK, 2023d). The mean UHI effect for each census block was
determined using zonal statistics, after which the Spearman correlation between
socioeconomic indicators (household income and house value) and the UHI effect intensity
was calculated. For the detailed calculations, see section 2.4 in the gis.ipynb Jupyter

Notebook in Appendix C.

Calculating the Indoor Temperature (T;:)

In this model, the indoor temperature (73) is set at the effective cooling temperature
(Teffective) of 25 °C for both residential and office buildings, in line with policy guidelines
and thermal comfort ranges discussed in section 2.2.1. This temperature is chosen despite
being 5 °C higher than the average found in the 2021 TNO survey on residential cooling,

due to the survey's limited sample size (Rovers et al., 2021).

Assigning Heat Resistance and Transmission Values by Energy Label

Heat transmittance characteristics such as R. and U values are dependent on many
factors and vary by surface characteristics, as shown in Table 11. Building energy labels
were used to approximate these characteristics, with standard Rc and U values for each
energy label class presented in Table 12. Finally, the cumulative transmission flows
through walls, roofs, windows, and ground floor were computed to determine the total

energy flux caused by transmission, as described in Equation 5 and Figure 26.
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Table 11: Typical Rc values in buildings. U values are calculated with &;=7.5 Wm-2K-!
and @, =25 Wm-2K-1, adapted from (van Bueren et al., 2012).

Barrier type Rc (m2KW-1) U (Wm2K-1)
Single glazing 0.005 5.6
Double glazing 0.16 3
High efficiency glazing 0.38 1.8
Non insulated brick cavity wall 0.35 1.9
Cavity wall with 100 mm insulation 2.68 0.35
Passive house wall >8 <0.12

Table 12: Assigned heat resistance (Rc) and heat transmission (U) values by energy

label.
Energy label Rcwan m2KW-1)  Rc,roof (m2KW-1)  Rc ficor (M2KW-1)  Uwindow (Wm-=2K-1)

A-A+++++ 8 10 6 1
B-C 3 4 2 2
D-E 1 1.5 0.75 3
F-G 0.35 0.5 0.25 6

Ptrans = PT,walls + PT,Windows + PT,roof + PT,ground
= (UwallsAwalls + UroofAroof + UwindowsAwindows)(Tair - Ti) [W]
+ UgroundAground (Ts - Ti)

Equation 5

Transmission through the ground floor involves the subsurface temperature (7%), as the

energy transfer is towards the soil instead of the outside air.

Quantifying the Subsurface Temperature

Subsurface temperature data for The Hague was sourced from the KNMI, which records
these temperatures at six-hour intervals at only four weather stations. The data from the
nearest station, located in De Bilt, was obtained from the KNMI website (KNMI, 2022a).

This data provides subsurface temperatures at a depth of one meter.

A sensitivity analysis was conducted to evaluate the impact of using different approaches
for subsurface temperatures. The relative difference in calculated cooling demand
between using an annual average subsurface temperature and using six-hourly
temperature data was minimal, at 0.3%. To simplify the algorithm and reduce

computation time, the 2018-2022 average subsurface temperature of 11.8 °C was
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assumed across the reference period. In addition, the UHI effect tends to increase urban
subsurface temperatures relative to surrounding rural areas. However, due to
complexities in estimating the severity of the effect, this was not incorporated in the

calculations. More details on this decision can be found in Appendix J.

o

PT,walls
V]

T,windows

P
’-T,ground
TS

Figure 26: Diagram of heat flows via transmission. In this case, Ts < Ti < T,, simulating

a hot summer’s day, when space cooling is desired. Based on (van Bueren et al., 2012).

3.2.2.2 Infiltration and Ventilation

Buildings receive fresh air both through controlled ventilation via windows, grilles, or
mechanical ventilation systems, as well as through uncontrolled infiltration via
construction gaps wall junctions and window frames. Fresh air is crucial for providing
oxygen, reducing humidity, and diluting pollutants. The necessary air volume per person
varies, usually between 25 to 50 m?h-!, increasing in high occupancy buildings like offices
(van Bueren et al., 2012). While older buildings often use natural infiltration for air
exchange, newer buildings may require mechanical ventilation due to their airtight
construction. Note that the variability of air humidity or energy use from processes like

humidification or dehumidification are out of the scope of this study.3

13 Both outdoor and indoor air are composed of a mix of air and water vapor, known as humid air.
In most atmospheric conditions, humidity ratios are small (<3% of total air mass) and are often not
a primary concern (van Bueren et al., 2012). However, activities like humidification or
dehumidification within buildings can consume significant amounts of energy. Despite their

potential relevance, these processes were not included in the scope of this research.
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Infiltration

Thermal flows due to infiltration were estimated using indoor (7% and outdoor (7o) air

temperatures, according to Equation 6 (van Bueren et al., 2012):

Py =myup - G, (T, — Tp) (W] Equation 6

With:

e 1 the mass flow rate of air by infiltration [kg s7]

e (y: the heat capacity of air, which under typical room conditions equals 1,006 Jkg
1K1 (The Engineering Toolbox, 2004b) 14

e T, the outdoor temperature [K]

e Ti: the indoor temperature [K]

In heating, ventilation, and air conditioning (HVAC) literature, volume flow rates are
more commonly used than mass flow rates. The mass flow rates were calculated from
volume flow rates using Equation 7.

pv

n= — -1 Equation 7
m 2600 [kg s1] q

With:

e p: the density of air, which under typical room conditions equals 1.2 kgm3 15

e V:the volume flow rate of air [m3h!]

Estimating infiltration rates is complex due to its uncontrolled nature and dependency on

construction flaws and often very dynamic indoor-outdoor pressure gradients. A common

14 For this study, typical room conditions were defined as a temperature range of 15 °C to 30 °C at
a standard sea-level atmospheric pressure of 1.013 bar. Under these conditions, a constant heat
capacity for air (Cp) of 1006 Jkg-1K-1 is used throughout the model as a sufficiently accurate
approximation. Considering the focus on space cooling, which is not typically needed at outside

temperatures below 15 °C, the same heat capacity was assumed for outside air.

15 As mentioned earlier, typical room conditions were taken to be between 15 °C and 30 °C at a
standard sea-level atmospheric pressure of 1.013 bar. In those conditions, the mass density of air

ranges between 1.16 and 1.23 kgm-3 (The Engineering Toolbox, 2004b).
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approach is to use the air change per hour (ACH), the rate at which the entire indoor air

volume is replaced per hour, as described in Equation 8.

ACH =V [Vpyitaing  [07] Equation 8
With:
. V: the volume flow rate [m3h]
o Vhbuilding: the interior volume of the building [m?]

In this model, the ACH due to infiltration (ACHin) was assumed to be 0.5 for older
buildings (type 2, 4, 6, 8) and 0.1 for newer buildings (type 1, 3, 5, 7), based on the typical

values presented in Table 13.

Table 13: Typical air changes per hour (ACH) from infiltration (van Bueren et al., 2012).
Building type ACH (h?)
Large modern buildings with a floor area greater than 10,000 m2| 0.1-0.2

Smaller modern buildings 0.2-0.3
Older buildings 0.5-1
Ventilation

Ventilation systems can be divided into three main categories, depicted in Figure 27.

1. Natural ventilation occurs via grilles and windows, without a mechanical
ventilator.

2. Mechanical ventilation uses a single ventilator for the supply or exhaust of air.

3. Mechanical ventilation with heat recovery uses two ventilators to enable
heat exchange between incoming and outgoing air. In warmer conditions, these
systems can cool incoming outdoor air using the cooler indoor exhaust air. Heat

recovery efficiency typically ranges from 0.6 to 0.9 (van Bueren et al., 2012).

Thermal flows due to ventilation were calculated using Equation 9. Mechanical
ventilation without heat recovery was assumed to be in place for new offices and new high-
rise residences (type 1, 5, and 7 buildings). The mass flow rate of air by ventilation, muen,

was determined using Equation 7, with V assumed to be 25 m3h-! per person. This rate
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aligns with the minimum requirements for new offices and the typical values presented

earlier in this section (Hensen Centnerova et al., 2021).16

Ventllgtor /‘ L
- 0
/\ € -
P, > =
I

T T

Natural ventilation Mechanical exhaust ventilation

Ventilator Ventilators

N 1
e I
. 1 .
<= E= -

\/ Ti To Heat exchanger J Ti To

Mechanical supply ventilation Mechanical ventilation with heat recovery

Figure 27: Ventilation system categories. In this case, Ti < To, simulating a hot summer’s

day during which space cooling is desired. Based on (van Bueren et al., 2012).

Pyent = (1 — n)Myen - Cp (To —Ty) [W] Equation 9
With:

e 7. the heat recovery efficiency, which is zero in cases without heat recovery
e muens: the mass flow rate of air by ventilation [kg s'!]

e  (y: the heat capacity of air [Jkg K]

e T, the outdoor temperature [K]

e Ti: the indoor temperature [K]

16 The amount of people per building was estimated from building type and floor area. In
residential buildings, the number of residences was multiplied by The Hague's 2020 average
household size of 2.01 (The Hague Municipality, 2023). For offices, an occupancy of one person per

15 m2, or 0.067 people/m2, was assumed.
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3.2.2.3 Solar Radiation

Solar radiation enters buildings mainly through windows and is absorbed by walls and
roofs, though the latter can be assumed negligible in well-insulated buildings. The heat

buildup in windows themselves is also typically ignored (van Bueren et al., 2012).

N N N
NN N\
S——_ — )

Figure 28: Diagram of heat gain via solar radiation. Based on (van Bueren et al., 2012).

Solar radiation absorbed by a building's structure gradually raises wall temperatures.
Once these temperatures exceed the room air temperature, heat is released into the room
through convection, as depicted in Figure 28. Although this process can span several
hours based on the building’s thermal mass, this this study simplifies the approach by not
considering such time-lag effects. This reduction in complexity enables the calculation of
solar heat gains by evaluating and summing the gains from each direction, as outlined in

Equation 10.17
Psol = Zi g\l;vindow ' A\i/vindow ' g;.hade : qbéol,w [W] Equation 10
With:

e gl..ow: the ratio of total solar radiation that passes through windows in direction
i and converted into heat. This ratio is commonly known as the g value, solar factor,
or solar heat gain coefficient.

o Al . . the total surface area of windows in direction i [m?]

e gl .. the g value of shades (blinds, awnings, etc.) in direction i

e &, ,: the incoming direct and diffuse solar radiation flux in direction i [Wm?]

17 This research distinguishes between the eight principal winds — north, north-east, east, etc. —

when calculating heat gains through solar radiation in different directions.
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Calculating Solar Factors

The solar factor (glinaow s 9inade) depends on many factors and varies by building

characteristics. Typical values can be found in Table 14.

Table 14: Typical solar factors for common glazing and shade types, from (van Bueren et

al., 2012).

Glazing or shade type Solar factor
Single glazing ~ 0.8
Double glazing, uncoated ~0.7
Triple glazing 0.4-0.6
Double glazing, low-e 0.3-0.6
Double glazing, reflective ~0.17
No shade 1
Roller shade 0.6-0.9
Louvre half open ~0.7
Louvre closed ~0.4
External shade ~0.2

In this model, building energy labels served as proxies for specific window characteristics.
The solar factor of windows (g',;,40,,) Was assumed per energy label class, as detailed in

Table 15. Solar factors for shading (gi,,4.) Were not included in the scope of this research.

Table 15: Assigned solar factor values by energy label.

Energy label Solar factor

A-A+++ 0.4
B-C 0.6
D-E 0.7
F-G 0.8

Calculating Incoming Solar Radiation Flux

Hourly solar radiation data for 2018-2022 was obtained from KNMI to calculate the
incoming solar radiation flux (¢ise, w) for the reference period (KNMI, 2023b). The raw data
provided solar radiation density (gse) in Jem?2 for each one-hour interval, essentially
measuring flux (@so), in Jem2h'!. Equation 11 was used to convert this flux to the correct

unit required for the cooling demand model (Wm2).

e —2p-1
sol,Jem™“h 2 2 . ]
R T3.6005/h 10,000 cm“/m*  [Wm2] Equation 11
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The solar radiation model requires directional solar radiation data for the eight principal
wind directions. However, KNMI's hourly data only provided global radiation values
without directional detail. An original Excel model for energy balance, using data from
the De Bilt weather station in 1964-1965, provided directional solar radiation (Itard,
2015). This data was normalized to calculate average fractions of solar radiation per
direction for each hour in the year.'® or the 2018-2022 period, KNMI's global radiation
values were multiplied by these fractions for each principal wind direction, as detailed in

the functions/time_series.py Python script in Appendix C.

Using these methods, the solar heat gain for each principal wind direction was calculated

and then summed to obtain the total solar heat gain (Pso).

3.2.2.4 Internal Heat Gains

In addition to heat exchange with the external environment, buildings also generate
internal heat. These internal heat gains have three primary sources: people, lighting, and

other electrical devices, as shown in Figure 29.

@
U
SN

int,appliances

M =6

Figure 29: Diagram of internal heat gain sources.

18 Tt is important to note a slight inconsistency between the solar ecliptic at the global solar
radiation weather station (Hoek van Holland) and the station used to derive directional radiation
fractions. This resulted in a few hours each year when directional radiation fractions are zero for
all directions, despite Hoek van Holland data showing some global radiation. Consequently, the
directional solar radiation values needed to be set to zero for those hours, leading to a minor
underestimation of the annual solar radiation in the model. However, this impact is minimal,

decreasing the annual total solar radiation in the model weather series by just 1%.
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People

The heat generated by the human body, dissipated through breath, perspiration, and
convection, contributes to internal heat gains. This was calculated by multiplying the
number of occupants (npeopic) With the average heat generation per person Py, as shown in

Equation 12.19

Pint,people = Npeople * Py [W] Equation 12

Heat generation rates depend on factors like activity, clothing, and surrounding humidity
and temperature, but typically range between 100-120 W for sedentary activities and
180-360 W for physical exercises like walking or dancing (van Bueren et al., 2012). This
study assumed an average heat generation Py of 120 W to reflect that sedentary activities

make up most of the time spent in residences and offices.

Lighting

All electricity used by lighting will eventually dissipate as heat into the building. The
electric power use of lighting typically varies based on the used lamp types and the
building end use. To limit the complexity of the calculation model, internal heat gains

from lighting were estimated using Equation 13:
Pint,lighting = Afloor : (plighting [W] Equation 13
With:

e Apoor: The floor area of the building [m?]

®  Dugniing: The lighting power flux, i.e., the amount of lighting power per area [Wm2]

To estimate lighting heat gains, maximum allowable power flux rates can be applied as
an upper limit: 10 W/m? for residences and 12 W/m? for office buildings (ASHRAE, 2010).
Strategically placing lights and maximizing daylight use can lower power consumption
below these limits. Accordingly, the model adopted a moderate power flux rate (@iignsing) of

6 W/m? for both residences and offices to account for such energy-saving practices.

19 For details on the methodology used to calculate the number of occupants per building, please

refer to section 3.2.2.2.
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Other Electrical Appliances

Other electrical devices like IT equipment and household appliances also dissipate their
used electricity into heat. Typical appliance power fluxes (Pappiiances) are 5 Wm2 for
residences and 15 Wm2 for offices (van Bueren et al., 2012). These values were applied in

the model, and the heat gains from these devices were calculated using Equation 14.

Pint,appliances = Afloor ' q)appliances [W] Equatwn 14

Presence Load Factors

To account for variable internal heat gains, a presence load factor (8) was used. This
factor, varying between zero and one, adjusts for the times when people are absent, and
lights and appliances are off. For residences, one fifth of occupants was assumed to be
home during typical work hours (09:00-17:00), with full lighting and appliance use during
mornings (07:00-09:00) and evenings (17:00-21:00). Other times, only a fraction of the

lights and appliances (e.g., refrigerators) are assumed to be in use.

In offices, full occupancy was assumed between 09:00 and 17:00, with one fifth of people
arrive early or staying late. Lights and appliances were assumed to be fully turned on
during extended work hours (07:00-21:00) and turned off for other hours. The resulting
load factors (B) per building type can be found in Table 16.

Table 16: Presence load factors for internal heat gains, adapted from (Itard, 2015).

Building type Internal heat source Time period
21:00-07:00 07:00-09:00 10:00-17:00 17:00-21:00

Residential People 1 1 0.2 1
Residential Lighting 0.2 1 0.2 1
Residential Appliances 0.2 1 0.2 1
Office People 0 0.2 1 0.2
Office Lighting 0 1 1 1
Office Appliances 0 1 1 1

The total internal heat gains were calculated by summing the heat contributions from

these three sources, multiplied by its respective presence load factor, as per Equation 15.

Pint = lgpeople : Pint,people + ﬁlighting : Pint,lighting +ﬁappliances ' Pint,appliances [W] Equation 15
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3.2.2.5 Calculating Total and Peak Cooling Demand over the Year

To determine the total thermal power (Pwwi) entering or leaving a building, the

abovementioned heat flows were calculated and then summed according to Equation 16.

Piotar = Ptrans + Pinf+Pvent+Psol+Pint (W] Equation 16

Since the thermal energy gained or lost over a 1-hour period, measured in watt-hours
(Wh), 1s equivalent in magnitude to the average power in watts (W) during that hour, the
total thermal energy (Quwwi) exchanged with the building in 1 hour was determined by
simply multiplying Equation 16 with 1 hour, as per Equation 17.

Qtotal = (Ptrans + Pinf+Pvent+Psol+Pint) -1h

= Qtrans + Qinf+Qvent+Qsol+Qint

[Wh] Equation 17

In case Q;p1q; > 0, the internal temperature rises and there is an equally sized demand for

coohngi Qcooling = Qtotal-
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Figure 30: Example thermal flow and cooling demand profiles for an old low rise

residential building (type 4) during a heat wave (July 25th-27th 2019).

These thermal balance calculations were conducted for each hour in the reference period
(2018-2022), yielding cooling demands that can be visualized in the form of a cooling
demand profile, as exemplified in Figure 30. This data forms the basis for calculating the
cumulative cooling demand in kilowatt-hours (kWh) and peak cooling demand in
kilowatts (kW). From these, statistical metrics like the 98t percentile of the cooling power
demand (Pc,9sp) and the cumulative cooling energy demand capped at the 98t percentile
of the cooling power demand (FEco9sp) were derived. See Figure 31 for a visual
representation of these statistical values.
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Figure 31: Annual cooling demand load for an old low rise residential building (type 4).
Based on average data over the 2018-2022 period.

These statistical measures are commonly used to determine appropriately sized cooling
installations for realistic demand fulfillment. The 98% percentile criterion assumes
operational leeway for the cooling infrastructure to provide suboptimal heat removal
during the hottest 2% of hours throughout the year, aligning with Dutch standards for

thermal discomfort exceedance in offices and residences (ISO, 2005).20

Designing for the 100t percentile, or peak demand, could lead to an oversized cooling
system, as such extreme demand occurs rarely (likely only during the hottest hour of the
year). As a result, the system would be oversized and not optimally energy-efficient for
most of the time, leading to higher economic, material and energy costs. In this model, it
was assumed that cooling equipment installation size and energy consumption are based
on the 98t percentile of cooling demand. This implies that people have a tolerance for
slight thermal discomfort during 2% of the hottest hours in the summer. Note that
henceforth, the 98t percentile of the annual cooling power demand and the cooling energy
demand capped at that 98t percentile, is referred to as the “capped cooling power demand”

and “capped energy demand”, respectively.

20 The Dutch guidelines for thermal comfort in offices and residential buildings (ISO, 2005; Vabi,
2015) describes guidelines for the maximum amount of thermal discomfort exceedance hours, i.e.
the amount of hours per year in which thermal discomfort is acceptable. These values range
between 100 and 300 hours per year, or 1.1-3.4% of the hottest hours. An average discomfort

tolerance of 2% was assumed, leading to a peak power demand cap at the 98tk percentile.
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The cooling demand analysis described above was applied to each RO building within The
Hague, using the thermodynamic-related attributes from the GIS analysis described in

section 3.2.1. The results are presented in section 4.1.

3.2.3 Environmental Impact Modeling

After determining the cooling demand of RO buildings in The Hague as described in the
previous section, the environmental impacts of this demand were calculated through an
environmental impact model (EIM). This model determines energy use, climate change
impact and material impacts, using a life cycle approach that includes production, use,

and end-of-life stages.?! An overview of this methodology is illustrated in Figure 32.

LIFE CYCLE PHASES PROCESS ENVIRONMENTAL IMPACTS

— Energy use by R
cooling devices
(kwWh) _L

Legend
=3 Input

[ Determined by cooling energy demand
I Determined by peak cooling power demand

Figure 32: Overview of environmental impact model.

21 Although energy use is not directly an environmental impact, in this research it was analyzed

and discussed independently from climate change and materials impacts, as detailed in section 3.1
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3.2.3.1 Electrical Energy Use

To determine the electrical energy (Feec) necessary to fulfil the capped cooling demand
(Ec,9sp), the mix of cooling technologies present in each building type was first assessed.
Subsequently, energy efficiency estimates were made for each specific cooling technology.
The final step involved multiplying the capped cooling energy demand by the effective
energy efficiency of each building’s cooling system mix, thereby calculating the overall

energy usage.

Determining the Cooling Technology Mix per Building Type

The assignment of cooling technology mixes for different building types was informed by
market penetration rates (MPR) from previous studies. Six main active cooling systems
were considered: chillers, large split air conditioners, portable air conditioners,
air-source heat pumps (ASHP), ground-source heat pumps (GSHP), and water-
source heat pumps (WSHP). A 2021 TNO study, in particular the survey data
presented in Table 5, guided the allocation of these cooling technologies to each building

type (Rovers et al., 2021).

For new (type 1) and old (type 2) high-rise residences, the 14.5% total MPR of surveyed
apartments was applied.?2 Type 1 buildings were presumed to mainly use chillers and, to
a lesser extent, GSHPs, reflecting the low 0.9% MPR found in the survey. Type 2 buildings

were assumed to fully rely on portable air conditioners.

For new (type 3) and old (type 4) low-rise residences, MPRs were derived from survey
responses for row houses, resulting in a mix of portable (6.2%) and large split air

conditioners (5.5%), along with a minor percentage of GSHPs (0.5%).

Lacking specific MPR data for office buildings, a ratio of heat pumps in utility buildings
to residential buildings, based on CBS data, was used (CBS, 2022b, 2022c¢). This ratio was
used to scale the overall penetration rate of high-rise (apartment) and low-rise (row house)
homes used above to that of office buildings, assuming that the increased presence of heat

pumps in office buildings directly translates to an increased presence of overall cooling

22 A limitation of this approach is that there is likely to be a bias towards the installation rate of
cooling equipment being higher than average amongst the respondents of the TNO survey, as

people who are interested in space cooling are more likely to have been involved in this survey.
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systems. The distribution of cooling technologies within high-rise and low-rise offices was

assumed to be similar to that in residential buildings.

The TNO survey focused solely on GSHPs, but CBS data suggests a higher prevalence of
ASHPs and WSHPs in the Netherlands (CBS, 2022¢). Consequently, the MPRs for these
heat pump types were proportionally increased and added to the overall penetration
rates.?? The resulting cooling technology mix per building type is displayed in Figure 33,

and the exact percentages used in the model can be found in Appendix I.

100% No active cooling
equipment
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| SplitAC

B Chiller
WSHP

B GSHP

B ASHP
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Figure 33: Estimated cooling equipment mix per building type, adapted from (Rovers et
al., 2021). WSHP, ASHP, and GSHP stand for water-, air-, and ground-source heat

pump, respectively.

Estimating Energy Efficiencies of Cooling Equipment

The energy efficiency of various cooling technologies informed the calculation of the
effective seasonal energy efficiency ratio (SEER.f) for each building type. The SEER was

chosen for its comprehensive representation of annual energy efficiency, as discussed in

23 Note that this study operates under the assumption that all installed heat pumps are reversible,
meaning they can provide both heating and cooling functionalities. However, in practice, achieving
this dual capability necessitates the incorporation of supplementary equipment like floor heating
systems. As a result, the estimation of cooling-capable heat pumps may potentially be
overemphasized. Determining the precise proportion of reversible heat pumps within the existing

stock is challenging, however, and has been excluded from the scope of this study.
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section 2.3.3.2* Due to the lack of SEER data for the specific cooling equipment types
assessed in this study, generalized figures from the Heat Roadmap Europe project were
used (Dittmann et al., 2016).2> The SEER of portable ACs were assumed to be similar to
those of “Movables + Window Units” in the source data. For split ACs and chillers, the
study used weighted averages of SEER values for each type, with weights based on the
reported EU28 installed capacities in 2015.26

Table 17: Assigned SEER per cooling technology in the status quo scenario, based on
(Dittmann et al., 2016).

Cooling

equipment type SEER Assumptions in translation from source data

Chiller 41 Average of all chiller types in source data, weighted according to the
' reported installed capacity in the EU28

Solit AC 48 Average of all split AC types in source data, weighted according to the

& ' reported installed capacity in the EU28
Portable AC 2.5  Assumed values of 'Movables + Window Units' in source data
Air-Source Heat Assumed air-to-air heat pumps (ASHP) to have similar SEERs as split AC

4.8 .

pump (ASHP) systems, as they are functionally the same.

Cooling performance (SEER) of GSHP compared to ASHP: 23% more

d- heat .. . .
ST FOUHE 6.2 efficient (Esen et al., 2007), or 37% more efficient (Urchuegia et al., 2008).

e ((GE102) Averages out to be 30% more efficient.

Assuming the energy efficiency ratio between WSHP and ASHPs to be the
Water-Source Heat 75 same as the ratio between ratio between W/W chillers and A/W chillers,
pump (WSHP) ' which is 5.5:3.5, i.e. W/W chillers are 57% more efficient than A/W chillers,

on average (Dittmann et al., 2016).

24 Although the European Seasonal Energy Efficiency Ratio (ESEER) could also be suitable metric
for assessing seasonal energy efficiency, it was not used in this study due to the unavailability of
public, empirical data on ESEER values for the assessed cooling equipment types; they were found

only within policy guidelines.

25 Some of the SEERs used in the modeling of the Status Quo are lower than the market average
of 5.3 presented by the IEA and the minimum requirements posed by the EU policy (Ecodesign
Requirements for Air Conditioners and Comfort Fans, 2012). This can be explained by the fact that
the IEA market average is about recently sold units, not about the total cooling equipment stock.
As the average SEER of new equipment increases over time source, the SEER of sold units will
generally be higher than the average of the total cooling equipment stock. Additionally, the lack of
conformance to EU standards is likely because the minimum energy performance standard (MEPS)
is not always followed. IEA estimates that 85% of all space cooling is covered by MEPS-compliant
equipment (IEA, 2018a).

26 KU28 refers to the European Union before the United Kingdom's departure (Brexit) in 2020.
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For heat pumps, despite abundant research on the SEER for space heating, there is a lack
of such data for space cooling. Therefore, ASHPs were assumed to have similar SEERs as
split AC systems, as they function similarly. The increased energy efficiencies of GSHPs
and WSHPs over ASHPs were approximated using performance coefficient (COP) ratios.

The resulting SEER per cooling technology can be found in Table 17.27

To find the effective SEER (SEER.f) per building type, the product of the MPR values and
the inverse SEER were summed across the cooling technologies i, as shown in Equation
18.28

1

SEER.fr = TRL Equation 18
'SEER;

The cumulative cooling energy demand capped at 98t percentile (E¢ 9g,) from the CDM
was then divided by the resulting SEER.# values to find the energy demand (E.;..) per
building, as shown in Equation 19. The building-level energy demands were then summed

to find the electrical energy consumption for RO space cooling in The Hague.

Ecosp
E = ,— ;
elec SEER.; [kWh] Equation 19

3.2.3.2 Material Demand

A life-cycle assessment (LCA)-based impact analysis was performed to evaluate the
environmental footprint of producing and disposing of cooling equipment. LCA is a
comprehensive methodology that assesses environmental impacts throughout a product's

full life cycle, from raw material extraction to disposal or recycling. This methodology,

27 W/W and A/W refers to water-to-water and air-to-water, respectively, referring to the source

and destination medium of heat transfer used in chillers.

28 Inverse SEER values were used in the model because energy efficiencies are not additive; only
their inverses (electrical energy required per unit of cooling energy demand) are additive. To
account for the proportion of buildings without active cooling equipment, an inverse SEER of zero
was assigned for that segment, indicating no electrical energy use regardless of cooling demand.
Consequently, the resulting effective SEERs per building type may appear unusually high,
reflecting the reality that a portion of the cooling energy demand will go unmet and thus will not

consume any electrical energy.
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developed by the Institute of Environmental Sciences (CML) at Leiden University,
quantifies all environmental exchanges associated with a product's life cycle (also referred
to as the product system) and translates these into impact indicators such as greenhouse
gas emissions and resource depletion (Guinée et al., 2002). By considering every stage of
a product's life, LCA offers a holistic perspective on both the direct and indirect
environmental effects associated with all phases of a product's existence (ISO, 2005).
Previous LCAs on air conditioners are outdated, do not include the desired impact
categories, and lack regional specificity for Western Europe (Heikkila, 2004; Shah et al.,
2008; Yanagitani & Kawahara, 2000). To bridge this gap without the complexity of a full
LCA, ecoinvent data for processes analogous to active cooling technologies—specifically
ventilation systems with heat exchangers—were used as proxies These processes, detailed
in Table 18, enable the estimation of production- and EoL-phase impacts of active cooling

equipment.

Table 18: Overview of ecoinvent processes used as a proxy for the impact assessment of

active cooling technologies.

# ecoinvent process

market for ventilation system production, central, 1 x 720 m3/h, polyethylene ducts, with
earth tube heat exchanger

market for ventilation system production, central, 1 x 720 m3/h, steel ducts, with earth

2 tube heat exchanger

3 market for ventilation system production, decentralized, 6 x 120 m3/h, polyethylene ducts,
with earth tube heat exchanger

4 market for ventilation system production, decentralized, 6 x 120 m3/h, steel ducts, with

earth tube heat exchanger

Table 19: Impact categories used in the LCA-based impact assessment of cooling

equipment.
Impact category Impact method Unit Source
. ReCiPe Midpoint ..
Climate change (GWP100) (I_?)C \171e 13 HE kg COz2-eq (Huyjbregts et al., 2017)

Abiotic depletion potential (ADP): CML v4.8 2016 ke Sh-eq (van Oers et al., 2002; van

elements (ultimate reserves) Oers & Guinée, 2016)

Crustal scarcity

Crustal scarcity indicator (CSI) kg Si-eq (Arvidsson et al., 2020)

indicator

Environmental impacts were assessed in three impact categories: climate change, abiotic
depletion potential (ADP), and the crustal scarcity indicator (CSI), as detailed in Table
19. A 0.1% cutoff rate was applied in the product system analysis to focus on the most
significant material inputs and reduce calculation complexity. The openLLCA software
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facilitated this analysis, which included a contribution analysis to distinguish impacts of

the production and end-of-life (EoL) phases (Srocka et al., 2023).
This resulted in the following impact metrics for each of the evaluated product systems:

e Production-phase GHG emissions (GHGpyroquct system,production-phase) [Kg COz-eq]
e End-of-life-phase GHG emissions (GHGproquct system,EoL—phase) [Kg COz2-eq]
e Abiotic resource depletion (ADPyyoquct system) [kg Sb-eq]

e Crustal scarcity index (CSL,oquct system) [kg Si-eq]

The mass of each product (m,oquc) Was derived from examining the technological
descriptions of the product’s economic input flows. The findings are compiled in the
background research spreadsheet in Appendix A. Carbon intensity per unit mass (Cl,,4s),
measured in kg COz-eq per kg of equipment, was then computed using Equation 20.

Resource depletion and crustal scarcity intensities were calculated in a similar manner.

GHGproduct system,production—phase

[kg COz2-eq /kg] Equation 20

CImass,production—phase =
Mproduct

To evaluate the presence of critical raw materials (CRMs) and other strategic materials,
the life-cycle inventories (LCIs) of the four product systems were closely examined,

specifically analyzing the concentration of CRMs in their material footprints.

Calculating Material-related Impacts per Cooling Technology

In the absence of comprehensive LCA data for specific cooling technologies, the study used
the average impact intensities from the four representative product systems shown in
Table 18 as a proxy for the production and EoL impacts of all included active cooling
technologies. The typical cooling power capacity (F.,,) and mass (m) of each cooling
technology was derived from a sample cooling device which was used as a proxy, as
detailed in Appendix H. The material density (o,ower) Was then calculated for each cooling

equipment type using Equation 21.

m

Ppower = [kg/kW] Equation 21

P, cap

The average carbon, ADP, and CSI intensities, derived using Equation 20, were then
normalized over the life spans (L) of the each cooling equipment type, as informed by IPCC

averages (Penman et al., 2000). Further normalization was applied by multiplying with
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the material density (ppower), resulting in impact intensities per installed cooling power
capacity. For example, the annualized carbon intensity for the production phase,
expressed in kg COz-eq per kW of installed cooling power capacity, was calculated using
Equation 22.

cI Lo .
_ mass,production—phase' Ppower [kg COz-eq /kW] Equation 29

CIpawer,ann.,production—phase - L

This method was similarly applied to other impact categories, with the annualized impact
metrics—carbon intensity, CSI intensity, and ADP intensity per kilowatt of installed

power capacity—detailed in Appendix H.

Determining the Total Material Impact

To determine a buildings’ effective density of cooling equipment (p.sf), in kg per kW of
installed cooling capacity, each cooling technology’s (i) material density was weighted
with its respective market penetration rate, as detailed in Equation 23. This approach
was also used to calculate the effective impact metrics, such as the effective production-
phase carbon intensity, as shown in Equation 24. The effective ADP, CSI, and EoL.-phase
carbon intensities were calculated likewise. Note that the market share without active

cooling equipment was assigned a material intensity and impact intensity of zero.

Perr = 2i MPR; - Ppower,i [kg/kW] Equation 23

CIeff,production—phase = ZiMPRi ! Clpower,ann.,production—phase,i [kg CO2'eq /kW] Equation 24

The 98 percentile of cooling power demand (P¢qgp) from the CDM was then multiplied
by the effective material density to calculate the mass of cooling equipment required per
building (Mequipment), @s shown in Equation 25. This assumes that cooling systems are
sized to meet the demand for 98% of the cooling season. Total impacts per building, such
as the GHG emissions from the production phase (GHGproquction—phase)> Were determined
using the effective impact intensities, as per Equation 26. GHG emissions from the EoL-

phase and ADP and CSI metrics were calculated in a similar manner.

Mequipment = PC,98p *Perf [kg] Equation 25

GHGproduction—phase = PC,98p ' CIeff,production—phase [kWh] Equation 26
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Consequently, the cooling equipment mass, production, and EoL-phase GHG emissions,
along with ADP and CSI metrics, were determined for the cooling system mix of each
building. These building-level figures were then aggregated to give a comprehensive view
of the environmental impact across the entire residential and office building stock in The

Hague.

3.2.3.3 Climate Change Impact

Climate change impacts were modeled in terms of the GHG emissions from electricity use,
refrigerants leaks, and production and end-of-life treatment of cooling equipment, based
on the size of the cooling energy and power demand metrics from the cooling demand

model.

Greenhouse gas emissions from electricity use

As elaborated upon in section 2.4.1.1, there is a difference between direct (Scope 1) and
life-cycle (Scope 3) carbon intensities. Data availability for life-cycle carbon intensities is
generally limited, particularly for future scenarios. Moreover, research has shown that
integrating life-cycle emissions has a relatively minor impact on decisions regarding the
optimal electricity generation mix (Pehl et al., 2017). In this research, however, the focus
is on understanding the full environmental impacts of cooling, not the choice of electricity

mixes.

GHGeree = Clorec * Eciec  [kg CO2-eq] Equation 27

Therefore, to calculate the emissions from electricity use (GHG,..), the total electricity
demand (E,;..) was multiplied by the life-cycle carbon intensity (Cl,;..) of the 2019 Dutch
electricity grid in which is 0.427 kg CO:z-eq/kWh (van der Niet & Bruinsma, 2022), as
per Equation 27.29

Refrigerant Leaks

The study assessed greenhouse gas emissions from refrigerant leaks by establishing an

effective annual leakage rate for each type of cooling technology. This rate reflects the

29 For the status quo scenario of this analysis, the 2019 electricity grid mix and its associated
carbon intensity were used, as this represented the latest year for which comprehensive life-cycle

carbon intensity data for the Dutch electricity grid was accessible.
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proportion of the refrigerant charge that escapes into the atmosphere annually,
incorporating leakages at various stages: assembly, operational use, and end-of-life
treatment. Firstly, average leakage rates from assembly (LRgssempry) and disposal (LRg,,)
were annualized by dividing by the lifespan of the cooling device (L), based on typical

values documented in Table 20.

Table 20: Leakage rates for various cooling devices, expressed as a percentage of their

refrigerant charge, based on lifespans and leakage rates from (Penman et al., 2000).

Cooling Average Annual leakage Leakage rate Leakage rate Effective
equipment lifetime rate during during during end-of- annual
type (year) operation assembly life-treatment leakage rate

Chillers 20 9% 0.6% 13% 9.6%
L ACs, incl.

arge A%, e 13 3% 0.6% 25% 5.2%
heat pumps
Portable ACs 12 15% 0.5% 100% 23.4%

It was assumed that leakage during assembly and end-of-life stages, while they are one-
time events, effectively contribute to the total refrigerant emissions over the equipment's
operational life. These were then added to typical operational leakage rates (LR,peration)
to form an overall annualized leakage rate, relative to the installed refrigerant charge
(LRann retative), following Equation 28.

(LRassembly+LREoL) %lyear 1
LRgnn retative = LRoperation + ; [%/year] Equation 28

To calculate absolute refrigerant emissions, the model defined a standard refrigerant
charge for each cooling technology, listed in Table 21. These were based on data on
representative proxy models, detailed in Appendix H. For each cooling technology, the
refrigerant charge (m,.s) was then multiplied by the corresponding relative leakage
rates (LRgnn, reiative) and normalized by the material intensity (ppower), of that technology.
The material intensity is calculated using Equation 21 and shown in Appendix H. This
approach yielded the annual mass of refrigerants leaked per kilowatt of installed cooling

power, as defined in Equation 29.

LRgnn. relative Mrefr. .
LRann.,power = e L [kg/(kW-year)] Equation 29

Ppower
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Table 21: Assumed refrigerant charge values for each cooling technology in the model.

Cooling equipment type Installed refrigerant charge per unit (kg)
Chiller 6.0
Split AC 0.8
Portable AC 0.2
Air-Source Heat pump (ASHP) 1.5
Ground-source heat pump (GSHP) 1.6
Water-Source Heat pump (WSHP) 1.5

The model then calculated the building-level effective leakage rate (LR.ff) by aggregating
the technology-specific leakage rates (LRgnn power), €ach weighted by the MPR for each

cooling technology (i) within the building’s cooling technology mix, as shown in Equation

30.

LReff = XiMPR; - LRann.,power,i [kg/(kW-year)] Equation 30

To determine the global warming potential (GWP) associated with leaked refrigerants,
the model selected R-134A as a representative refrigerant due to its widespread usage
and relevance within the context of European F-gas regulations (Mota-Babiloni &
Makhnatch, 2021). Although R-134A is a hydrofluorocarbon (HFC) with a high GWP of
1,603 kg COz-eq/kg, it continues to be used due to its favorable properties and legacy
installations. The EU's F-gas regulation aims to significantly reduce R-134A use by 2030,
but it’s prevalence in existing systems ensure its persistence in the near term. Therefore,
a refrigerant global warming potential (GWP,.,) of 1,603 kg CO:-eq/kg was used in the

model.

Similar to the calculation of material impacts described in section 3.2.3.2, the 98th

percentile of cooling power demand (P¢gqgy) from was then multiplied by the effective
refrigerant leakage rate (LR.ss) and the refrigerant GWP (GWP,f,) to calculate the global

warming potential of refrigerant leaks per building (mcgyipment), s shown in Equation 31.

GHGrepr. = Pcogp " LRefp - GW Py [kg CO2-eq] Equation 81

Greenhouse Gas Emissions of Production and End-of-Life phases

The GHG emissions occurring in the production and EoL phases of the cooling equipment

were determined from the LCA-based impact assessment described in section 3.2.3.2.
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Determining the Total Climate Change Impact

The total climate change impacts of residential and office cooling in The Hague were

determined by adding up the GHG emissions from the four sources mentioned above:

1. Electricity consumption in the use-phase

2. Refrigerant leaks in assembly, use-phase, and EoL treatment of cooling equipment
3. Production of cooling equipment
4

EoL treatment of waste cooling equipment

These impacts were calculated for each residential and office building in The Hague and

then aggregated to determine the GHG emissions of the entire building stock.

3.2.4 Integration of Methodology in Python-based Calculation Models

The methodology described above was primarily performed using a repository of Python
scripts and input data files. Both the cooling demand and environmental impact
calculation models were developed in Python, with the complete code accessible in
Appendix C through a GitHub repository. Larger associated data input and output files

can be retrieved via Appendix A through a Zenodo repository.

The implementation encompasses nine distinct Python and Jupyter Notebook files,
totaling approximately 9,200 lines of code. Notably, simulating the cooling demand for the
59,381 residential and office buildings over the five-year reference period involves

processing approximately 21 billion data points.

To account for diverse scenarios, the model incorporates about 190 input parameters,
which are adjusted across five distinct scenarios. Detailed information on these input
parameters used for the Python-based cooling demand and environmental impact models

can be found in Appendix D to Appendix dJ.

3.3 Scenario Modeling

This section describes the approach used to answer the third research question:

How will the cooling demand in The Hague and its environmental impacts evolve until

2050?

To model the future cooling demand in The Hague and the environmental impacts

associated with this cooling demand, four scenarios were selected. One scenario for 2030
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was modeled, and three scenarios for 2050. The scenarios were based on climate scenarios
published by KNMI in 2014 and updated in 2021 in the Climate Signal report, which aim
to assess the potential severity of climate change in the Netherlands and inform
appropriate adaptation and mitigation (Attema et al., 2014; KNMI, 2021). The KNMI
scenarios are based on changes in two variable characteristics of future climate change:
global temperature increase, and changes in air circulation patterns. Using these two
axes, KNMI created four 2050 scenarios which include projections for twelve parameters

including temperature, wind patterns, precipitation, and sea level rise (see Figure 34).
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Figure 34: KNMI climate change scenarios, from (Attema et al., 2014).

First, 2030 was modeled to assess near-term changes in cooling demand and impacts and
determine the urgency of immediate intervention. Only one scenario was used, given the
short time horizon between the status quo reference period (2018-2022) and 2030, leaving
a relatively narrow range in climate pattern variation and minimal time for potential
interventions to have an impact. The same approach is adopted in the KNMI climate
scenarios, which provides one scenario for 2030 due to this reasoning (Attema et al., 2014).
Therefore, the KNMI 2030 scenario is used as a guideline in terms of relative temperature

and solar radiation increases.
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For 2050, the four KNMI 2050 scenarios were condensed into three scenarios, which
represent low, medium, and high impact trajectories. These scenarios were selected to
illustrate a range of climate change severities, as well as intervention efforts (see Figure
35 for an overview). Refer to Appendix L for the KNMI scenario parameters, which
underpin the temperature and solar radiation parameters utilized in this research's

scenarios.

Adapting the status quo model to future scenarios involved running the cooling demand
and environmental impact models (CDM and EIM) with adjusted inputs and parameters.
In addition to environmental changes including rising temperatures and intensifying
solar radiation, socio-technical changes also affect future cooling demand. The multi-level
perspective (MLP) was used as a guiding framework to consider these factors, outlined in
section 2.2, and their interdependencies (Geels, 2002). The MLP describes the transition
from niche innovations to the socio-technical regime, which consists of five interconnected

dimensions, as shown in Figure 36.
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Figure 36: Graphical representation of the multi-level perspective. Adapted from (Geels,
2004).

Although space cooling is not considered a niche innovation on a global scale, its market
penetration in residential buildings in The Hague was deemed to be at a niche level for

the purpose of this analysis. Thus, the MLP framework was employed to evaluate the
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drivers of cooling demand, cooling technologies, and the associated environmental impacts

in The Hague.

With these dimensions and the changing climate in mind, specific parameters were
selected for consideration, as shown in Figure 37. The following sections outline how these
parameters and their expected evolution were incorporated into the building stock
analysis, the CDM, and the EIM. A full overview of the input parameters that are varied
in future scenarios can be found in Appendix D (global parameters), Appendix I (cooling
technology mixes), Appendix J (energy efficiency and refrigerant leakage rates), and

Appendix N (electricity grid mixes).
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Figure 37: System dynamics map of parameters influencing the impacts of future cooling
demand, using the dimensions of the multi-level perspective, with the addition of the

environmental dimension.
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3.3.1 A Changing Building Stock

Urbanization and population growth are expected to drive an increase in both population
and population density in The Hague by 2050, leading to an expanded need for housing,
as discussed in section 2.2.4.2. This growth is likely to result in a higher overall cooling
demand due to the increased number of residences requiring cooling. On the other hand,

office space demand may decrease due to the rise of hybrid working arrangements.

To account for these factors in future cooling demand scenarios, the building stock of The
Hague was scaled accordingly. Predicting changes in building stock on a building or
neighborhood level was not possible as future projections for the BAG are not available.
Therefore, building stock adjustments were made at a city-wide level. Instead of modeling
changes at the initial stages of the CDM, the cooling demand resulting from other scenario
inputs was scaled according to the expected changes in the building stock. As a result,

scenario outcomes can only be interpreted at the granularity of The Hague as a whole.

3.3.1.1 Evolution of the Residential Building Stock

It is assumed that any population growth in The Hague will be matched by an equivalent
net increase in the residential building stock.3? Specifically, this growth will occur in the
'new' residence types (i.e., type 1 and 3), which currently make up 19% of the residential
building stock floor space. To consider the higher cooling demand generated by these new
residences, the total expected household growth is divided by the share of post-2003

residences, resulting in a building stock growth factor for these newer buildings.

Table 22: Household growth in The Hague: 2020-2050, with lower and upper bounds of a
67% confidence interval. Based on (CBS, 2021, te Riele et al., 2019).
Year Building stock size 67% confidence interval Building stock growth 67% confidence interval
2020 265,500 261,500—-269,700
2030 286,600 269,500-304,700 7.9% 3.1%-13.0%
2050 306,700 270,400-347,900 15.5% 3.4%—29.0%

30 Note that this methodology choice is likely to underestimate the growth in the post-2003 building
stock, as it assumed that no pre-2003 buildings will be demolished to make way for new buildings.
Growth in the post-2003 building stock is likely greater than overall household growth. However,

due to a lack of data on demolition rates, this aspect was not explored further in the research.
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The total number of households is expected to increase by 15.5% in the 2020—2050 period,
as detailed in Table 22 (CBS, 2021; te Riele et al., 2019). Most of this growth is attributed
to the substantial increase in single households, projected to rise by over 27% in the next

30 years, as shown in Figure 38.3!

Multi-person

Single

200,000

150,000

Housholds

100,000
2020 2030 2040 2050

Figure 38: Multi- and single-person household growth in The Hague, 2020-2050. Dashed
lines indicate a 67% confidence interval. Based on (CBS, 2021, te Riele et al., 2019).

These considerations inform the final change in building stock for the four scenarios as
shown in Table 23. After thermodynamic modeling , the cooling and power demand of
post-2003 buildings were multiplied by these growth rates to upscale impacts to the

modeled building stock of each scenario, depicted in Figure 39.

Table 23: Modeled residential building stock growth in scenarios.
Scenario Growth of total building stock Growth of post-2003 building stock

2030 7.9% 41.8%
2050-L 3.4% 17.9%
2050-M 15.5% 81.7%
2050-H 29.0% 153%

31 This changing household composition, with an increasing number of single-person households,
is expected to influence internal heat gains in buildings and reduce the frequency of occupant
presence. This suggests that cooling demand may not increase linearly with the total number of
households. However, the precise impact of this shift in household composition falls outside the

scope of this research.
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B Post-2003 floor space [ Pre-2003 floor space
3,000

2,000

Floor area (ha)

1,000

2020 2030 2050-L 2050-M 2050-H

Figure 39: Modeled residential floor space per age class in the four scenarios.

3.3.1.2 Evolution of the Office Building Stock

In contrast to residences, the office building stock in the Netherlands is anticipated to
shrink by 2050 according to Netherlands Statistics (CBS), as seen in Figure 40 (Buitelaar
et al., 2017). Based on this projection, a reduction in building stock was assumed for pre-
2003 office buildings. The assumption is office space demand correlates linearly with the
size of the office building stock, allowing the growth factors for office space demand to be

considered as the office building stock growth.32
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Figure 40: Prognosis of office space demand in the Netherlands, 2000-2050, from
(Buitelaar et al., 2017).

32 In reality, a portion of unused offices may be repurposed or left vacant rather than being
demolished. However, for the purposes of this research, the distinction between repurposed,
vacant, or demolished offices is not relevant, as their cooling impacts in these states are beyond

the scope of this study.
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However, this projection is from 2017. Since the onset of the Covid-19 pandemic, many
major employers have announced plans to reduce office space (NOS, 2021). The Social and
Economic Council of the Netherlands (SER) also assumes that remote working is here to
stay (SER, 2022). While a quantitative prognosis is yet to be developed, hybrid working
was modeled through assuming lower growth numbers than the 2017 CBS projection,
with an additional 10% shrinkage to account for the post-COVID hybrid working culture.
The resulting rates of change in the office building stock for the scenarios can be found in

Table 24 and are visualized in Figure 41.

Table 24: Modeled change rates for the office building stock, compared to 2020.
Scenario Change rate Rationale

Average of the Low and High 2030 CSB scenarios, with 10%
additional reduction to account for post-COVID hybrid working

2030 -23%

Low 2050 CBS scenario, with 10% additional reduction to account

2 -L -47%
050 % for post-COVID hybrid working
92050.M 31% Average of the Low and High 2050 CBS scenarios, with 10%
’ additional reduction to account for post-COVID hybrid working
Hich 2 . . o .. .
92050-H 14% igh 2050 CBS scenario, with 10% additional reduction to account

for post-COVID hybrid working

B Post-2003 floor space [ Pre-2003 floor space

400
300
©
£
3 200
©
<}
Ke]
w
100

2020 2030 2050-L 2050-M 2050-H

Figure 41: Modeled office floor space per age class in the four scenarios.

3.3.2 Adapting Thermodynamic Modeling Parameters

3.3.2.1 Adjusting the Outdoor Air Temperature

To account for future scenarios, average temperature increases per season were
incorporated into the status quo air temperature (T.) series from the KNMI climate
scenarios. Hourly temperature data for 2030 and the three 2050 CDM scenarios were

derived by adding the corresponding average temperature increases per season from the
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KNMI climate scenarios to the outdoor temperature data from Hoek van Holland for the

2018-2022 status quo period.33

It is important to note that the KNMI scenarios project future changes relative to a
reference period of 1981-2010, while our status quo modeling is based on the 2018-2022
reference period. To harmonize these reference points, the average temperature change
per decade between 1996 (the central year of the KNMI reference period) and the year
corresponding to the CDM scenarios (2030 or 2050) was calculated. This average increase
was then used to adjust the difference between the CDM status quo (with 2020 as the
central year) and the CDM scenario year (2030 or 2050). The background research
spreadsheet in Appendix A contains detailed calculations. Table 26 provides the resulting

temperature increases used in the scenario models.

In translating air temperatures from Hoek van Holland to The Hague, it was necessary
to include the Urban Heat Island (UHI) effect. First, the day and nighttime averages used
for the status quo model were added to the hourly temperature data, as described in
section 3.2.2.1. Furthermore, considering the expected intensification of the UHI effect
due to climate change, incremental increases in the UHI effect were incorporated into
each CDM scenario. These increases, derived from study estimates referenced in section

2.2.3, are presented in Table 26.

3.3.2.2 Changes in the Effective Cooling Temperature

In this study, the indoor temperature (7i) is equivalent to the effective cooling
temperature (7Tefeciive), representing the thermal comfort range's upper limit. Activation of

cooling equipment is considered when this threshold is exceeded. The change in effective

33 Two relevant indicators are provided by KNMI: (1) average temperature increases per season,
and (2) the number of summery days with a temperature greater than 25 °C per year, which can
be seen as a measure of cooling degree days (CDDs) (Attema et al., 2014). The second data point
accounts for the rising frequency of heatwaves, but an analysis was conducted to compare the
outcomes of using either data point. Average KNMI temperature increases were added to the
status quo weather time series, and the resulting number of additional CDDs was counted. This
analysis showed that the increase in CDDs based on a flat temperature increase across the whole
time series closely matched the estimated CDD increase provided in the KNMI scenarios. Given
that the CDM 1is based on time series of weather data as input, the first indicator (average

temperature increases per season), was considered more suitable for scenario modeling.
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cooling temperature is assumed to depend mostly on policy trends concerning adaptive

thermal comfort ranges and the environmental impacts of cooling.34

For the scenarios, no change in Teffecrive 1s assumed for 2030 due to the short timeframe.
For 2050-L, an increase is presumed to reflect adaptive and environmentally focused
policies. In contrast, 2050-M maintains the status quo, and 2050-H models a decrease,
assuming historical trends without policy intervention continue, as detailed in section

2.2.1. The Teffective values used in the model are shown in Table 26.

3.3.2.3 Development of the Subsurface Temperature

Climate change not only elevates air temperatures but also subsurface temperatures (Ts)
(Pollack et al., 1998). Despite the lack of specific projections for subsurface temperature
rise in the Netherlands, a strong correlation between air and subsurface temperatures
was established using data from the De Bilt weather station for the 1981-2021 period
(KNMI, 2022a, 2022b). Detailed calculations and figures are provided in Appendix M.
Figure 42 and Table 25 illustrate this correlation, Both temperatures increased by 0.40 +
0.05 °C over this period, consistent with the 2021 “Climate Signal” (KNMI, 2021).

Table 25: Pearson correlation between air and subsurface temperature, and air and

subsurface temperature change in De Bilt, across the 1981-2021 period.

Variable pair Pearson correlation p-value
Tair, Ts (10-year rolling mean) 0.96 3:10-24
ATair, ATs (10-year rolling mean) 0.85 1109

Hence, increases in subsurface temperature for each scenario were assumed to match the
air temperature rise detailed in section 3.3.2.1, as shown in Table 26. Annual average
temperature increases were used, as the subsurface temperature is assumed to be

constant over the year (see also section 3.2.2.1).

3¢ Contrary to initial expectations, the population's age distribution does not significantly influence
the threshold temperature. Despite a forecasted 32% increase in individuals aged 65+ by 2050
(Manders & Kool, 2015), research shows that thermal comfort ranges are relatively consistent
across age groups within cultural contexts (Rupp et al., 2015; Z. Wang et al., 2018). While an aging
population is more susceptible to heat-related health risks (IEA, 2018a; Kenny et al., 2010), it does
not substantially alter the established thermal comfort range. Thus, this aspect is not factored into

the model's effective cooling temperature settings.
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Figure 42: Air and subsurface temperatures in De Bilt (1981-2021), based on (KNMI,
2022a, 2022b).

3.3.2.4 Solar Radiation Projections

KNMI climate scenarios project annual and summer-specific increases in solar radiation
as percentages relative to a 1981-2010 reference period (Attema et al., 2014). To align
these with the CDM which uses the 2018-2022 reference period, a similar adjustment
method to that for air temperature was used. These projections, being percentage-based,
necessitated logarithmic calculation of the average per-decade increase, adjusted to fit the
2018-2022 period as reference point. Detailed calculations are available in the
background research spreadsheet in Appendix A. The resulting increases in solar
radiation were then applied to the existing hourly data to project future solar radiation
levels. The summer-specific increase was applied to the summer months, while the annual

average increase was used for the other seasons.
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Table 26: Scenario values of climate-related parameter inputs in the CDM.

Subsurface
Air temperature UHI effect Effective cooling  temperature Solar radiation
Scenario increase (A°C) increase (A°C) temperature (°C) increase (A°C) increase (%)
Spring 0.23
Summer 0.53%
Summer 0.26
2030 0.00 25 0.29
Autumn 0.29
Rest of 0.06%
Winter 0.35 year
Spring 0.5
Summer 1.57%
Summer 0.55
2050-L 0.10 26 0.55
Autumn 0.61
Rest of 0.45%
Winter 0.61 year
Spring 0.8
Summer @ 2.23%
Summer 0.85
2050-M 0.30 25
Autumn 0.96
Rest of 0.30%
Winter year
Spring
Summer
Summer
2050-H
Autumn
Rest of 0.90%
Winter year

3.3.2.5 Evolution of Building Design and Energy Label Mix

Energy labels served as a proxy for anticipated changes in building design, reflecting

efforts to enhance energy efficiency and reduce the building sector's carbon footprint. The

Dutch government has set or proposed requirements for future building standards. For

residential buildings, policies proposed to prohibit renting out homes with energy labels

E or lower from 2030, impacting around 580,000 rental properties (NOS, 2022). Office

buildings face stricter standards, with a requirement for energy label C for offices over

100 square meters by 2023 (Bouwbesluit, 2012; RVO, 2018).

In response to these policies, the energy label distribution for buildings in The Hague was

modified in each scenario to mirror future improvements. A study from the Dutch

Environmental Assessment Agency (PBL) study provided projections until 2050 for
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residential building energy labels under various investment levels—Ilimited

(Investeringspad beperkt), broad (Investeringspad breed), and deep ([nvesteringspad
diep)—in climate-neutral buildings, as illustrated in in Figure 43 (van den Wijngaart et

al., 2014).

Investeringspad Diep

Investeringspad Beperkt Investeringspad Breed

miljoen woningen miljoen woningen miljoen woningen

4 4 4
2 2 2
Iz Iz z
. )2 o J2 , 2
2010 2020 2030 2040 2050 2010 2020 2030 2040 2050 2010 2020 2030 2040 2050

B LabelG [] tabelc [ Label Eigenwarmte
[ LabelF [ LabelB
] LabelE [ LabelA
[] LabelD

Figure 43: Energy label distributions of residential buildings for PBL 2014 scenarios for
limited, broad, and deep investment in climate-neutral buildings, from (van den
Wijngaart et al., 2014). Note that “Eigenwarmte” indicates energy-neutral or energy-

positive buildings.

Table 27: Energy label conversions assumed between status quo energy label categories

and scenarios, based on (van den Wijngaart et al., 2014).

End use Scenario Source Energy label
SQ (2020) 2023 building stock | A-A+++++ B-C D-E F-G
2030 PBL ‘Breed’ 2030 A-A+++++ B-C D-E B-C
Residential |2050-L PBL ‘Diep’ 2050 A-A+++++  A-A+++++ B-C B-C
buildings  |2050-M PBL ‘Breed’ 2050  |A-A+++++ B-C B-C B<C
2050-H PBL ‘Beperkt’ 2050 |A-A+++++ B-C D-E B-C
2030 PBL ‘Diep’ 2030 A-A+++++ B-C B-C B-C
Office 2050-L PBL ‘Diep’ 2050 A-A+++++  A-At+++++ B-C B-C
buildings | 2050-M PBL Diep’ 2050 A-A+++++  A-A+++++ B-C  B-C
2050-H PBL ‘Breed’ 2050 A-A+++++ B-C B-C B-C

These PBL scenarios informed the energy label distribution for this study's scenarios.
Adjustments were made at the building level, creating specific 'rules' for each energy label

group. For instance, offices with F—G labels are mandated to reach at least C by 2023,
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hence are assigned B—C by 2030. For residential buildings, the deep, broad, and limited
investment 2050 PBL scenarios were applied as 2050-L, -M, and -H, respectively. The
broad PBL scenario for was used for the 2030 scenario in this study. Offices, having
higher standards, were assumed to follow the PBL broad scenario for 2050-H and the deep
scenario for 2030, 2050-L, and 2050-M. The resulting energy label conversion rules are

detailed in Table 27.

Future building energy efficiency and insulation metrics (including Re, U, and window
solar factors) are expected to improve due to stricter building codes and technological
advancements. Despite the lack of specific future policies on insulation values, there are
policies on energy labels. Therefore, the changing mix of energy labels in the building
stock serves as a proxy for these evolving metrics to prevent overlapping calculations. The
current Rc, U, and window solar factors values per energy label (see Table 12 and Table

15) were also used in the future scenarios.

3.3.3 Adjusting Environmental Impact Modeling Parameters

After establishing the future cooling demand for residential and office buildings in each
scenario, based on the adapted input parameters detailed in the above section, the same
Environmental Impact Model (EIM) outlined in section 3.2.3 was used to assess the
environmental impacts associated with this demand, tailoring relevant parameters to fit
the future scenarios. This section outlines the projection methodology for these parameter

inputs for each scenario.

3.3.3.1 Updating the Energy Efficiency of Cooling Equipment

Technological advancements are likely to improve the energy efficiencies of cooling
technologies in the future. Therefore, SEER values for these technologies were updated
for 2030 and 2050 scenarios, based on projections from the Heat Roadmap Europe project

(Dittmann et al., 2016).

Table 28: Energy efficiencies (SEER values) by cooling technology used in each scenario,
based on (Dittmann et al., 2016).

Scenario @ ASHP GSHP WSHP Chiller Split AC Portable AC

SQ (2020) 5 6 8 4 5 3
2030 7 9 10 5 7 3
2050-L 9 12 14 7 9 4
2050-M 8 11 13 6 8 4
2050-H 7 10 12 6 7 3
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For the 2030 and 2050-M scenarios, the project's projected improvements were adopted.
In the 2050-H scenario, only half of the projected improvements in SEER were considered,
reflecting potential challenges in environmental initiatives and economic conditions.
Conversely, in the 2050-L scenario, an improvement of 50% over the projected SEER
values was assumed, driven by effective energy-efficiency policies. The derived SEER

values can be found in Appendix .

3.3.3.2 Evolution of the Carbon Intensity of the Electricity Grid

While specific projections for future carbon intensity are not available, they are influenced
by the electricity grid's energy mix. The Netherlands' energy mix is expected to
increasingly lean towards renewables and low-carbon sources. To determine carbon
intensities for the scenarios, the electricity mix for each was analyzed, and carbon

intensities for each energy source were used to calculate an overall figure.

The 2021 “Climate and Energy Outlook” report by PBL projects the penetration of
renewables by 2030 based on current climate and energy policy, also shown in Figure 44
(Hammingh et al., 2021). The Energy Transition Model offers a detailed breakdown of
electricity by source in petajoules (PJ) based on the PBL projection, which was used to

determine the precise electricity mix for the 2030 scenario (Zaccagnini et al., 2023).
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Figure 44: Gross end-use of renewable energy per energy source, 2000-2030 from
(Hammingh et al., 2021).

For 2050, the “Klimaatneutrale energiescenario’s 2050” (Climate Neutral Energy
Scenarios 2050) report offered projections for the electricity mix, shown in Figure 45.

(Ouden et al., 2020). Given that these scenarios explore carbon-neutral systems, they may
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be overly optimistic. Thus, for 2050-H, the 2030 scenario's carbon intensity was retained
to consider a less-than-complete grid decarbonization by 2050. The regional scenario
informed the 2050-M scenario, and the national scenario was used for 2050-L, reflecting
different levels of regional and national efforts. Detailed electricity mixes were again

sourced from the Energy Transition Model (Zaccagnini et al., 2023).
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Figure 45: Dutch electricity production mix in 2015, and for several future scenarios,

from (Ouden et al., 2020).

Next, these electricity mixes were converted into carbon intensities. The FEnergy
Transition Model's provides direct GHG emissions from electricity production. However,
a life-cycle perspective, which includes factors like construction and maintenance
emissions, reveals that renewable sources have a low but not zero carbon footprint. Thus,
life-cycle GHG emission intensities from ecoinvent 3.8 were used in the calculations

(Huijbregts et al., 2017; Wernet et al., 2016).%

35 Note that these emission factors are based on LCAs of electricity production facilities from 2020.
In reality, these emission factors are likely lower in future scenarios because the infrastructure
surrounding electricity production is expected to decarbonize together with the economy, following
policy on decarbonization. (e.g., it will likely take less emissions to build a windfarm in 2050 than
in 2020). For improved accuracy, one could model the LCAs of all relevant electricity sources using
tools like IMAGE and Premise (Sacchi et al., 2022; Stehfest et al., 2014). However, such analysis

was left out of the scope of this research.
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Due to differences in the categorization of electricity sources in ecoinvent and the Energy
Transition Model scenarios, assumptions regarding the subdivision of renewable sources
were necessary, detailed in Appendix N. These include the emission factors for each
electricity source in Table 72, with full calculations available in the background research
spreadsheet in Appendix A. The resulting carbon intensities for each scenario can be

found in Table 29 and visualized in Figure 46.

Table 29: Modeled carbon intensities of the Dutch grid in each scenario.

Carbon intensity

Scenario (g CO2-eq/kWh) Source scenario name Source literature
SQ (2020) 427 - (van der Niet & Bruinsma, 2022)
Climate and Energy Outlook for .

2030 159 the Netherlands 2030 (Hammingh et al., 2021)
2050-L 29 2050 International (Ouden et al., 2020)
2050-M 42 2050 Regional (Ouden et al., 2020)
2050-H 159 Assumed no progress since 2030  (Ouden et al., 2020)
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Figure 46: Modeled carbon intensities of the Dutch grid in each scenario.

3.3.3.3 Changes in Refrigerant Leakage Rates

By 2030, with ongoing maintenance practices and moderate new regulations, a slight
decrease in refrigerant leakage rates is expected (OzonAction, 2016; Kigali Amendment
to the Montreal Protocol, 2016). Hence, the 2030 leakage rates are assumed to align with
the lower bound of the leakage rate range estimated by the Intergovernmental Panel on

Climate Change (IPCC) (Penman et al., 2000).

For 2050-H, the model anticipates an increase in leakage rates over 2030 levels,

attributed to higher cooling demands and inadequate policy and technological measures
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to mitigate leakage (UNEP & IEA, 2020). However, overall technological improvements
and heightened awareness may moderate this increase, with rates assumed to be on par

with the 2018-2022 status quo scenario.

In the 2050-M scenario, significant progress in refrigerant management and equipment
maintenance, along with policies favoring low-GWP refrigerants, is expected to further
reduce leakage rates by 2050 (OzonAction, 2016). The model translates this to a 50%

reduction in leakage rates compared to 2030.

For 2050-L, a substantial decrease in leakage rates is forecasted, based on the widespread
implementation of best practices in equipment design, operation, and disposal, alongside
aggressive policies to reduce high-GWP refrigerants (Purohit et al., 2020). The model

assumes a 75% reduction in leakage rates from 2030 levels.

Table 30 summarizes these modeled refrigerant leakage rates based on the discussed

assumptions.

Table 30: Assumed effective annual refrigerant leakage rates, per cooling technology.

Cooling equipment type
Scenario ASHP GSHP WSHP Chiller Split AC  Portable AC

SQ (2020) 5% 5% 5% 10% 5% 23%
2030 4% 4% 4% 4% 4% 18%
2050-L 1% 1% 1% 2% 1% 6%
2050-M 2% 2% 2% 2% 2% 9%
2050-H 5% 5% 5% 10% 5% 23%

3.3.3.4 Adjusting Refrigerant Global Warming Potentials

The selection of refrigerants for projecting the environmental impacts of space cooling in
2030 and 2050 mirrors changes in regulatory policies and refrigeration technology
advancements. Table 31 presents potential future low-GWP refrigerants. For the 2030
scenario, R-32 is chosen for its superior thermodynamic properties and lower GWP
compared to R-134A and R-410A, along with growing industry acceptance (Calm, 2008).
Despite being an improvement, R-32 still possesses a non-negligible GWP. Under the
2050-H scenario, R-32 remains the preferred refrigerant, assuming no major
breakthroughs or regulations prompting a shift to even lower-GWP options. For 2050-M,
the model anticipates a move towards lower-GWP refrigerants like COz and R-1234yf,

driven by increasing regulatory pressures and industry shifts towards more
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environmentally friendly options globally (Mota-Babiloni & Makhnatch, 2021; H. Wang
et al., 2021).

Table 31: Candidates for low-GWP refrigerants, adapted from (Calm, 2008)

Candidates Considerations
“Natural Refrigerants” (NHs, CO2, HCs, H20, air Efficiency, for NH3 and HCs also flammability
Low GWP HFCs (R-32, R-152a, R-161 etc.) Flammability; most suppressants have high GWP
HFEs Disappointing thus far, still?
HCs, HEs (R-290, R-600, R-E170, etc.) Flammability

Short atmospheric lifetime and therefore low GWP,

Bhmerirezes (Gleing) (B2, cie) D

Expensive, ODP > 0 but not in MP, some are toxic;

HFICs, FICs (R-3111 (CH2FT), R-1311 (CF3zl), etc.) -
compatibility?

Fluorinated alcohols (-OH), fluorinated ketones

(C]O)-)

Efficiency? flammability? toxicity? compatibility?

In 2050-L, the focus shifts to zero-GWP refrigerants such as propane and ammonia,
despite their flammability and toxicity challenges. These refrigerants are noted for their
minimal climate impact and efficiency under certain conditions (Calm, 2008). The

refrigerant choices across these scenarios are summarized in Table 32.

Table 32: Modelled refrigerant choices and their global warming potentials. Based on
(Hodnebrog et al., 2020)

Scenario Refrigerant GWP (kg CO2-eq/kg)
SQ (2020) R-134A 1,603
2030 R-32 809
2050-L Zero-GWP refrigerants (e.g., ammonia, water) 0
2050-M Low-GWP refrigerants (e.g., COz2 and R-1234yf) 1
2050-H R-32 809

While acknowledging that changing refrigerants can affect the efficiency of cooling
devices, this research primarily concentrates on the direct GHG emissions from
refrigerants (Nawaz & Ally, 2019). It is assumed that future advancements in device
efficiency will lead to an increased proportion of refrigerant emissions in the total

environmental impact of cooling systems.

3.3.3.5 Adjusting the Market Penetration Rate of Cooling Equipment

The rate of cooling equipment adoption and the choice of specific cooling technologies are
influenced by various factors. These include the demand for cooling, economic prosperity

influencing individuals' ability to invest in such equipment, the cost and perceived value
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of air conditioners, and policies and regulations at local and global levels. Societal

attitudes and cultural norms also play a role in adoption rates, as discussed in section 2.3.

Regarding future market penetration (MPR) of air conditioners in residential buildings in
the Netherlands, detailed projections are scarce. One notable study projected annual
growth rates of 5% to 15%, but its age limits its applicability to this research (van Kempen,
2000). Broader European studies, like the "Future of Cooling" report by the IEA predict
MPR growth rates of 55% by 2030 and 150% by 2050, but don't account for the Dutch
context (IEA, 2018a). Therefore, this study relies on the 2021 TNO study, which also

informed the status quo MPRs, with findings compared in

Table 33 (Rovers et al., 2021).

Yes

Not sure yet

Figure 47: Responses to the question: “Are you considering purchasing cooling equipment

in the coming years?”. Adapted from (Rovers et al., 2021).

Figure 47 shows survey responses on the intent to purchase cooling systems. These were
used to estimate cooling equipment MPRs. For 2030, it was assumed that all respondents
who answered ‘yes’ would purchase an air conditioner. The 2050-L assumed half of the ‘I
don't know yet’ group would buy, the 2050-M scenario assumed all in this group would
buy, and the 2050-H scenario included this plus half of the initial ‘no’ respondents. These
projections yield the MPRs in

Table 33, with detailed calculations available in the background research sheet in

Appendix A.

Table 33: Comparison of projected residential cooling equipment market penetration

rates in The Netherlands, based on several studies.

Scenario (van Kempen, 2000) (IEA, 2018a) (Rovers et al., 2021)

SQ (2020) 15% 15% 15%
2030 39% 23% 37%
2050-L 65% 30% 49%
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2050-M 100% 38% 61%
2050-H 100% 45% 80%

For offices, due to the absence of specific data, residential MPR growth rates were applied.
With the MPR already up by 153% from 2020 to 2030, this approach sets a 100% MPR for

office cooling equipment in all future scenarios.

3.3.3.6 Projections for the Cooling Technology Mix

The anticipated increase in the total market penetration rate (MPR) of active cooling
equipment is clear, yet the specific mix of cooling technologies to be used is uncertain.
Influences on the technology mix, including policy, user preferences, and environmental

considerations, are detailed in section 2.3.7.

In the Netherlands, there is a notable absence of policies directly targeting specific types
of cooling equipment. EU-wide, there are directives like the minimum energy performance
standards (MEPSs), but these do not specify preferences for particular cooling
technologies. However, policies are significantly promoting heat pumps, with subsidies
facilitating their adoption (RVO, 2023). Additionally, the ban on gas connections in new
buildings 1s pushing a shift towards using heat pumps for heating purposes
(Wijzigingswet Elektriciteitswet 1998, enz. (voortgang energietransitie), 2021). This
policy environment could encourage the move from traditional cooling-only systems to

integrated heat pump solutions.

The Netherlands aims to move 20% of its residential buildings off natural gas by 2030
and the entire stock by 2050, with decisions on heat pumps or heat districts being made
at the municipal level (Klimaatakkoord, 2019). The Hague places a notable emphasis on
heat districts (DSO, 2022), as highlighted in Table 34.

Table 34: Proposed heating solutions and population sizes for The Hague neighborhoods,
based on (DSO, 2022; The Hague Municipality, 2023).

Number of Number of Share of population
Proposed heating solution neighborhoods residents (2022) (2022)
Heat district 43 271,030 49%
Heat pumps 20 46,360 8%
Mix of heat pumps and heat
district, or heating solution yet 43 235,916 43%
to be determined
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Considering these factors, the following assumptions were made for market penetration

rates (MPR) and technology mixes for residential and buildings:

e 2030: 8% of The Hague's residential buildings use heat pumps.?® The remaining
MPR (29%) is met by large split AC systems, chillers, and portable AC units in the
same ratio as the status quo.

e 2050-L: 51% of residential housing uses reversible heat pumps, covering the total
MPR of 49%, eliminating the need for separate cooling equipment.

e 2050-M: 30% of residential housing uses heat pumps, with the remaining MPR
(31%) met by the same mix as in 2030.

e 2050-H: 8% of residential housing uses heat pumps for heating, with most heat
provided by heat districts, necessitating separate cooling equipment. Additional

installations compared to 2030 are assumed to be portable AC units.

For office buildings, due to the absence of specific data, the assumptions mirror those for
residential settings,®” except for the portable AC MPR which was assumed to remain
constant from the status quo. The details of the resulting cooling technology mixes are
available in Appendix I, with Figure 48 illustrating the assumed mix for the 2030

scenario.

36 This research operates under the assumption that all installed heat pumps are reversible and
capable of providing cooling. However, it's important to recognize that in practice, not all heat
pump systems may offer cooling functionality due to limitations in the heat pumps or specific
building constraints. Determining the exact proportion of reversible heat pumps is challenging and

was not addressed in this study's scope.

37 This research assumes that large-scale heat pumps in offices have similar characteristics to

residential ones, due to the lack of specific data on their differences.
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100% No active cooling
equipment

I Mobile AC
75% B splitAC
B Chiller
50% WSHP
B GSHP
B ASHP

Building type

Figure 48: Cooling technology mix choices per building type, for the 2030 scenario.

3.3.3.7 Adjusting Material Efficiency and Production- and EoL-phase

impacts of Cooling Equipment

Both the material impacts and production- and EolL-phase GHG emissions of cooling
equipment are expected to decrease in the future due to stricter policy and technological
optimizations. Predicting changes in cooling devices' material composition is challenging
due to data scarcity and uncertainties in technological innovation. Thus, this research
assumes no changes in their material makeup across both current and future scenarios.
While production and Eol--phase GHG emissions are expected to decline with grid
decarbonization and enhanced production and e-waste regulations, detailed modeling of
these aspects was not conducted due to their complexity. Thus, these emissions were

assumed to stay constant across scenarios in this study.

3.4 Sensitivity Analyses and Extrapolation of Results

3.4.1 Sensitivity Analysis

Sensitivity analyses for key input parameters like the UHI effect, effective cooling
temperature, and the cooling demand cap percentile were performed, see the full list in

Table 35, using the Status Quo (SQ) scenario input parameter configuration.

The analyses involved running the cooling demand model 100 times on a representative
sample of 314 buildings, reflecting the characteristics of the larger stock of 59,381
buildings used in the main model. Each parameter was linearly adjusted within specified
ranges to understand its influence on the five main impact metrics: cooling energy

demand, cooling power demand, electricity consumption, GHG emissions, and material
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requirements. Elasticities (El) were calculated using Equation 32, with x as the input

parameter, y as the impact metric, and Ax and Ay as their respective changes.

El = M — 4y X Equation 32

Key findings from these analyses are detailed in section 4.3.1, with a comprehensive table

of elasticities and detailed graphs in Appendix O.

A second set of sensitivity analyses evaluated the environmental impact of different
cooling technologies. Here, the SQ scenario was modified to simulate 100% market
penetration of one cooling technology (e.g., heat pumps), then incrementally shifted 1% at
a time to another technology (e.g., large split AC systems). This gradual transition
recorded the average changes in environmental impacts for all possible pairs of cooling

technologies. The results of these assessments are documented in section 4.3.1.7.

Table 35: The input parameters for which sensitivity analysis were performed.

Reference Analyzed
Input parameter value Unit range Range description
Peak cooling power This corresponds with a range between
S . 98% % 80-100 870 and 0 hours of indoor temperatures
demand percentile
above the thermal comfort range
. . This range corresponds with the outer
Effect 1 .. .
ective coots 25 °C 15-30  limits of thermal comfort ranges found in
temperature .
the literature.
S ti Thi ds with a -2 °C to +
ummertime 18.9 o 16.9-96.9 is range corres.pon s with a -2 °C to +6
temperature °C degree scenario
Total ket
otal marke %of the
penetration rate of 12 0-100
. . market
cooling equipment
This corresponds with a range between no
. HI effect and t HI effect
Daytime UHI effect 83  °C 0-15 bl effect and an extreme UHI effect as
seen on the hottest days in cities like
Phoenix
Energy efficiency of kWh cooling /
cooling technologies 5 kWh 1-20
(SEER) electricity
. . . 10 0
Sun.lm.ertlme solar 999 W / m? 997-959 Thls range corresponds \.Vlt.h a-1% to 10%
radiation increase of the solar radiation.
. . This corresponds with a range between
Carb tensity of kg COz-eq/
ar o.n.m en.s1 vo 0.427 g Lied 0-0.5 carbon-neutral and 100% hard coal-based
electricity grid kWh ..
electricity
This corresponds with a range between
Internal heat gains 6 W/ m2 0.5-15 efficient LED and old-fashioned
Incandescent light bulbs
De?sity of people in 0.067 ) 0.04-0.2 This corresp.onds witch a range between 25
offices m? (large private offices) and 5 m?2 per
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Average amount of

people per 2.01 - 1-6
household
. % of ch
Refrigerant leakage 9 o Of charge 0.5-18
per year
Global warming
. k -eq/
potential of 1603 kg C0z-eq 0-20,000
refrigerant =
Nighttime UHI 91 o 0-15
effect

3.4.2 Extrapolation of Impacts

person (slightly under the minimum
requirement set by the NEN norm)

This corresponds with a range between
single households and large families

Between water or propane as a
refrigerant and R-13.

This corresponds with a range between no
UHI effect and an extreme UHI effect as
seen on the hottest days in cities like
Phoenix

In the CDM, about 30% of the residential and office building stock was excluded due to

missing energy labels, as detailed in Table 36. Energy labels are crucial for estimating a

building's thermal insulation properties, which are key to calculating cooling demand and

associated environmental impacts. Consequently, these buildings were not directly

included in the primary model.

Table 36: Overview of energy label data availabil

ity of the residential and office

building stock of The Hague. Based on GIS analysis of the BAG and EP-online data
(PDOK, 2023a; RVO, 2019).

Building stock

Building count Floor space (ha)

Residential and office buildings without energy label data 30,018 694
Residential and office buildings with energy labels 59,381 2,478
Total residential and office building stock of The Hague 89,399 3,172

To address this data gap, an extrapolation method based on the total floor area of each

building type was employed. The floor area for each type within the unlabeled stock was

first identified using the GIS model. Then, impact intensities from the primary model

were applied to these building types, multiplied by their respective floor areas.
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This building-type specific extrapolation was necessary because the mix of building types
without energy labels differs significantly from those in the primary model's dataset.?®

Appendix P provides a detailed analysis of building type distributions within this subset.

3.5 Policy Recommendations

The literature review presented in the theoretical background (Chapter 2), combined with
the results from the status quo and scenario models, and insights from the sensitivity
analyses, were used to inform policy recommendations. These recommendations, outlined
in section 5.4, are specifically tailored for the municipality of The Hague, aiming to guide

policy changes that effectively mitigate the projected environmental impacts of cooling.

38 Note that, for future scenarios, it is assumed that the size of the subset of buildings being
extrapolated over will increase proportionally with that of the subset of buildings analyzed in the

main results.
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4 Results

This chapter presents the results from the research and modeling performed according to
the methodology described in Chapter 3. Note that throughout this chapter, all figures
and statistics represent annualized impacts, unless stated otherwise. It is structured as

follows:

Status Quo (2020) Cooling Demand and Environmental Impacts

This section provides an overview of the residential and office building stock in The
Hague, highlighting its key characteristics. Then, an exploration is undertaken into the
cooling demand in The Hague's residential and office buildings for the year 2020.
Additionally, it examines the current environmental impacts resulting from the use of

cooling technologies and their cooling demand.

Exploring Future Cooling Scenarios

This section explores the anticipated cooling demand for the residential and office building
stock in The Hague for the years 2030 and 2050, along with the expected changes in

environmental impacts.

Supplementary Results

This section presents the sensitivity analyses and extrapolation of findings. First, the
impact of key parameters on the cooling demand and related environmental impacts is
assessed by varying factors like weather data and technology choices. This helps gauge
result robustness and potential variability of the environmental impacts. Lastly, the
cooling demand and environmental impacts are extrapolated to estimate the cooling
demand and related environmental impacts of the full residential and office building

stock, including buildings without energy label data.
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4.1 Status Quo (2020) Cooling Demand and Environmental

Impacts

4.1.1 What are the Characteristics of the Residential and Office
Building Stock of The Hague?

In this section, the results of the geographic information system (GIS) -based extraction
and processing of Registry of Addresses and Buildings (BAG) data are presented. The
building stock of The Hague is analyzed regarding building end use, height, and age.
Subsequently, the building stock is divided into eight building types, which are used to
inform their thermodynamic properties in the cooling demand model. Finally, the
distribution of energy labels, its correlation with building age, and its implications for the
office building stock adhering to regulations on energy performance are also examined. It
should be noted that the following results are derived from the analysis conducted on the
subset of The Hague building stock that possesses a residential or office end use and

registered energy label data, as detailed in section 3.2.1.

4.1.1.1 Building End Use, Height, and Construction Year

The residential and office (RO) building stock of The Hague is dominated by residential
buildings in both building count and floor space, with residential buildings making up
99% and 87%, respectively (see Table 37). As office buildings are on average larger than
residential buildings and hence make up 13% of floor space, they still play a significant
role in the building stock makeup of The Hague. In terms of building height, there is a
strong prevalence of buildings between 10 and 15 meters tall, or approximately three to
five stories (Figure 49). High-rise buildings (>17.5 meters) make up a small portion (2.1%)
of buildings in The Hague, yet represent 26% of total RO floor space, emphasizing their
importance in the building stock makeup. As for building age, most buildings in The
Hague were constructed in the 20t century, with a construction boom post World War 2
and around the turn of the 215t century. Approximately 16% of buildings have been built

post-2003, when a major building code update was implemented.
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Table 37: End use distribution of residential and office buildings in The Hague, 2023.

End use Building count Floor space (ha) Share of floor space
Residential 58,865 2,144 87%
Office 516 334 13%
Total 59,381 2,478 100%
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Figure 49: Building height (top) and construction year (bottom) distribution by
floorspace in The Hague. The height and age class cutoffs used for modeling building

types shown in red.

4.1.1.2 Building Types

Three characteristics - end use, building height, and construction year - were used to
divide the building stock into eight building types, whose distribution can be found in
Table 38. Old (pre-2003) low rise residential buildings make up most of the RO building
stock, both in terms of floor space and building count. Old high-rise residential, which

makes up the second largest share, comprises only one sixth of the floor space in
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comparison. In terms of the office building stock, old offices dominate, with old low-rise
offices holding the highest building count, and old high-rise offices the highest share of
floor space. Figure 50 shows the spatial distribution of building types, which reaffirms the
ubiquity of old low rise residential buildings. Offices are concentrated in the city-center
and business district (center-top), with clusters of old high-rise offices peppered with
newer high-rises. Old low-rise offices can also be seen in certain pockets of business parks
outside the city center. New low rise residential is concentrated on the outskirts of the
municipality, where new developments have likely been built to satisfy urbanization.
High rise residential buildings do not follow a clear pattern but are distributed throughout

The Hague, although they generally run in strips along main roads.

Table 38: Distribution of building types in The Hague, 2023. Extracted from the BAG
(PDOK, 2023a,).

Building type Building count  Floor space (ha) Share of floor space

1: New high rise residential 158 116 5%

2: Old high rise residential 958 284 11%

3: New low rise residential 8,162 226 9%

4: Old low-rise residential 49,587 1,518 61%

5: New high-rise office 16 39 2%

6: Old high-rise office 140 213 9%

7: New low-rise office 26 14 1%

8: Old low-rise office 334 68 3%

Total 59,381 2,478 100%
@ 1: New highrise residential @ 1: New highrise residential
® 2:0ld highrise residential @ 2:0ld highrise residential
@ 3: New lowrise residential @ 3: New lowrise residential
® 4:0Id lowrise residential ® 4:0ld lowrise residential
@® 5: New highrise office @ 5: New highrise office
@ 6: 0ld highrise office @® 6: 0ld highrise office
©  7: New lowrise office ©  7: New lowrise office
(]} ® 8:0ld lowrise office

8: Old lowrise office

Figure 50: Spatial distribution of building types in The Hague by 100x100m grid cell
(left) and neighborhood (right).
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4.1.1.3 Energy Labels

Figure 51 displays the distribution of energy labels for RO buildings in The Hague which
have been assigned an energy label. Energy label A is most prevalent (28% of floor space),
with labels B through E representing most of the remaining floor space. In contrast, labels
A+—A+++++ remain relatively underrepresented, likely because they are newer
additions to the energy label system, and hence are mainly achieved by recently
constructed buildings. As shown in Table 39, energy label classes are divided relatively
evenly (in terms of floor space) between A-A+++++, B-C, and D-E, while F-G is the

minority as only 8% of buildings have these labels.
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Figure 51: Distribution of energy labels within the RO building stock of The Hague, by

floor space.

Table 39: Overview of energy label classes and their distribution across the RO building
stock of The Hague.

Energy class Building count Floor space (ha) Share of total space

A-A+++++ 18,176 814 33%
B-C 16,819 749 30%
D-E 17,388 706 28%
F-G 6,998 209 8%

Total 59,381 2,478 100%
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An analysis was performed to investigate the correspondence of energy labels with
building characteristics, including building type and construction year. As seen in Figure
52, a stark divide in building types exists between energy labels of old and new building
types, with old building types (2,4,5,8) corresponding to lower energy labels, and new
building types (1,3,5,7) mainly consisting of energy labels above C. Old low rise residential
buildings, which make up the majority of the building stock, are the building type with
the worst energy labels overall, while high rise offices (type 5 and 7) have the best. Offices
have better energy labels overall, with a higher prevalence of labels A—A+++++. As for the
spatial distribution of energy labels, the city center and outskirts of the city have better

energy labels (see Figure 53).

Figure 54 shows the construction year of buildings per neighborhood. Comparing these
figures, older neighborhoods often have a lower energy label, although this is not always
the case, likely due to building renovations. Neighborhoods on the outskirts of the city are
mainly recent developments, which likely explains their higher energy label. In contrast,
historic neighborhoods surrounding the city center have a concentration of lower energy
labels, such as E, F, and G. Figure 55 provides further insight into the degree of
correspondence between energy class and construction year. Overall, the lower the energy
class, the older its construction year, with energy label A—A+++++ most assigned to
buildings constructed after the building code update in 2003, label B—C in the 1980s and
1990s, D-E around 1930 and 1960, and E-F during the first half of the 20t century. This
demonstrates that of the characteristics analyzed: building age, building height, and end

use, building age has the strongest correlation with energy labels.
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Figure 52: Distribution of energy labels per building type (by floor space).
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Figure 53: Spatial distribution of energy labels in The Hague by 100x100m grid cell
(left) and neighborhood (right).
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Figure 54: Average construction year of Figure 55: Statistical distribution of
the RO building stock per neighborhood. building age (expressed by construction

year) across the different energy label

classes.

4.1.1.4 Have Offices Fulfilled Minimum Energy Label Policy

Requirements?

According to Dutch policy, energy label C must be attained by office buildings exceeding
100 m? by 2023 (Bouwbesluit, 2012; RVO, 2018). Figure 56 demonstrates that roughly
30% of The Hague offices do not adhere to these policy requirements, although these make
up 9% of the total floor space. Hence, it is likely that these offices are medium-sized, or
close to the 100 m? cutoff, while the largest offices generally adhere to the policy. Figure
57 shows the spatial distribution of the offices which adhere to the ruling.
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Figure 56: Share of offices adhering to requirements per neighborhood.

minimum energy label requirements, by

building count and floor space.

4.1.1.5 Economic Status and the UHI Effect

As mentioned in section 2.4.2.2, an example of climate injustice is the unequal distribution
of the urban heat island (UHI) effect across socioeconomic groups. Figure 59 illustrates a
spatial connection between household income, house value, and the UHI effect. Notably,
severe UHI effects exceeding 2 °C are predominantly found in economically
disadvantaged, densely populated neighborhoods at the heart of The Hague, including
Schilderswijk, Spoorwijk, and Transvaalkwartier. A Spearman correlation test of UHI
and household income confirms a statistically significant positive correlation (see Figure
58, Figure 60, and Table 40). Note that household income data per census block was only

available in €10,000 bands, hence the discrete distribution of incomes in Figure 60b.
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Figure 58: Distribution of the UHI effect across census blocks in The Hague, segmented

by household income bands.
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Figure 59: Geospatial distribution of mean house value (a), median household income
(b), and UHI effect (c) per 100mx100m census block in The Hague. Based on data from
the Atlas Natural Capital and CBS (Atlas Natuurlijk Kapitaal, 2017, PDOK, 2023d).

Table 40: Spearman correlation between house value and household income, and UHI

effect in The Hague.

Variable pair Spearman correlation p-value
House value, UHI effect -0.23 2-10-52
Household income, UHI effect -0.27 2-10-73
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Figure 60: Scatter plots and regression lines of the mean house value and UHI effect (a),
and the median household income and UHI effect (b). Based on data from the Atlas
Natural Capital and CBS (Atlas Natuurlijk Kapitaal, 2017; PDOK, 2023d).

4.1.2 What is the Current Cooling Demand of the Residential and Office
Building Stock?

Figure 61 shows the breakdown of cumulative thermal flows of all RO buildings in The
Hague during a heat wave. This provides an indication of the relative contribution of
various thermal flows (transmission, infiltration, etc.) towards the total cooling demand
during a hot summer’s day. Heat gains through transmission dominate other thermal
flows, peaking at 600 MW. Internal heat gains, infiltration, and solar radiation all peak
between 300—400 MW. Heat gains from ventilation, which was modeled as only present
in newer offices and newer high rise residential buildings, is negligible compared to the
other thermal flows. Together, these five thermal flows result in a peak cooling power

demand of roughly 1500 MW for the RO building stock on a hot summer’s day.

During nighttime, the cooling demand is modeled to decrease to (near) zero, mostly due
to heat losses via transmission. It is important to note that his analysis does not consider
the dynamic effects of thermal mass, which may result in an overestimation of
transmission in nighttime passive cooling. In reality, buildings with thermal mass will
continue to radiate heat within the interior space, emphasizing the importance of

nighttime ventilation.
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In terms of building type, offices have an overall higher cooling demand due to higher
internal heat gains than in residential buildings (see Figure 63).3° This likely results from
greater population density (see Table 41) and the assumed appliance power density being

higher in offices than in residential buildings.

Table 41: Total modeled population and floor area of residential and office buildings.
End use Floor space (ha) Population Population density (people/ha)
Residential 2,144 475,353 222
Office 334 233,569 700

Thermal flows in office buildings vary by age. Older offices have significant cooling
demand from infiltration, while in newer offices infiltration is minimal due to improved
envelope sealing. Newer offices also see ventilation, alongside internal heat gains, as
major heat sources in summer, whether controlled or uncontrolled. For residential
buildings, newer buildings demand less cooling due to reduced transmission and
infiltration heat flows, likely from better insulation and window factors. Specifically, old
low-rise residential buildings (type 4) exhibit the highest peak cooling demand, around 70

MW, primarily from transmission heat flows.

The hourly thermal flows from 2018 through 2022 were aggregated to produce an average
annual cooling demand profile for The Hague. The annual cooling energy demand is 1,146
GWh, or 1,118 GWh when capped at the 98t percentile of cooling power demand. The
peak cooling power demand is 1,431 MW%, while the 98t percentile is at 783 MW (see

39 The thermal flow and cooling load graphics for specific building types were derived from a sample
of 2,000 buildings, proportionately representing various building types and energy classes per the
scenario. However, this means that for certain building types, the data is based on a limited
number of buildings (fewer than 20), which may not precisely reflect the entire category. Therefore,
while the exact values in the graphs might not be fully representative, they do offer an indication

of the relative magnitude and proportions of thermal flows within those building types.

40 The cooling demand profile is presented in megawatt-hours (MWh) for each hour over a year,
which can also be read as the average cooling power demand in megawatts (MW), calculated by

dividing the hourly energy demand by that one hour.
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Figure 61: Thermal flows for all residential Figure 62: Annual cooling demand
and office buildings during a heatwave profile for all residential and office
(July 25th - 27th, 2019). buildings in The Hague, averaged over
2018-2022.

Peak cooling demand varies by building type, as seen in Figure 64. Following the same
trends as cooling demand thermal flows, offices having the highest cooling demand across
the board, followed by old residential buildings. The distribution of cooling demand loads
varies between offices and residential buildings, with residential buildings having a
relatively even distribution of cooling loads between zero and peak values, while offices
have a steep drop-off to zero. This is likely due to the modeling of ventilation and internal
heat gains in discrete time steps (both are zero during the night), as people are assumed

present in offices only during the day.

41 The capped cooling power and capped energy demand refer to the 98th percentile of the annual

cooling power demand and the cooling energy demand capped at that 98th percentile, respectively.
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Figure 63: Thermal flows for varying building types during a heatwave in The Hague
(July 25th-27th, 2019).
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Figure 64: Annual cooling demand load for varying building types, averaged over 2018-
2022.

Within the residential building types, new high rise residential buildings have the lowest
power demand intensities, followed by new low rise residential. As shown in Figure 65,
the largest building type by floor area, old low rise residential building, displays a wide-
spread distribution of cooling power demand intensities, peaking at 13—25 W/m? with a
tail at between 50 and 100 W/m2. Offices have a slightly higher but narrower spread power
demand intensity than residential buildings, peaking at 35—40 W/m?2. Further, it can be
observed that within the cooling power demand intensity distribution of offices, low-rise

offices have a slightly lower cooling power demand intensity than high-rise offices.
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Figure 65: Distribution of the capped cooling power demand intensity by floor space,
broken down by building type (left), and energy class (right).

As for energy classes, peak power demand intensity increases as energy labels worsen,
with A—A+++++ and B-C peaking at 20-25 W/m?, D-E peaking at 25-30 W/m?2, and F-G
peaking at 35—-40 W/m?2.

The cooling energy demand distribution, depicted in Figure 66, exhibits a more notable
disparity, characterized by two distinct peaks. The first and more prominent peak,
ranging between 13 and 33 kWh/m?2, is primarily attributed to the extensive residential
building stock. The second, smaller peak, observed within the range of 100 to 133 kWh/m?2,
primarily consists of office buildings. When examining the breakdown of cooling energy
demand by energy label, a balanced distribution is evident for residential buildings (i.e.,
the left peak). Conversely, the right peak is predominantly composed of buildings with
energy labels A to A+++++. It might initially suggest that buildings with these energy
labels exhibit higher cooling energy demand. However, this observation is clarified by
recognizing that these buildings are offices, which typically possess higher energy labels
than residential counterparts. In essence, the presence of A to A+++++ energy labels
within the second peak of cooling demand can be attributed to the inherent characteristics
of office buildings, which result in higher cooling energy demand, rather than the energy

label itself being the direct cause of increased cooling energy demand.
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Figure 66: Distribution of capped cooling energy demand intensity by floor space, broken
down by building type (left) and energy class (right).

The heightened cooling energy demand of offices can be further displayed by the spatial
distribution of cooling energy demand, as seen in Figure 67. The highest cooling energy
demands are concentrated in the business districts of The Hague. Regarding the spatial
distribution of cooling power demand, higher power demands are concentrated in the city
center and older neighborhoods, which aligns with offices and older residential buildings

generally experiencing a higher peak cooling power demand intensity.
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Figure 67: Spatial distribution of capped cooling energy demand intensity (left) and
capped cooling power demand intensity (right) per grid cell in The Hague.

4.1.3 What are the Beyond Use-Phase Environmental Impacts of Cooling

Technologies?

A simplified impact analysis based on life cycle assessments (LCAs) of ventilation systems

with heat exchangers was performed to estimate the environmental impacts of active

123



Cooling for Comfort, Warming the World Results

cooling equipment beyond the use phase.*? This analysis targeted climate change impacts
during the production and end-of-life phases, along with the abiotic depletion potential
(ADP) and crustal scarcity index (CSI) of the material footprint, with key results compiled
in Table 42.

Table 42: Life-cycle assessment results per product mass, for chosen impact metrics.

Impact metric Value Standard deviation Unit
GHG emissions (production phase) 4.15 0.13 kg COz2-eq/kg
GHG emissions (end-of-life phase) 0.30 0.11 kg CO2-eq/kg
Abiotic depletion potential 2.64 104 5.57-10-5 kg Sb-eq/kg
Crustal scarcity indicator 1,625 295 kg Si-eq/kg

The production-phase and end-of-life carbon intensities of the average ventilation system
are 4.15 CO2-eq/kg and 0.30 COz2-eq/kg, respectively. This results in a total average
carbon intensity of 4.45 kg CO:-eq/kg, excluding the use phase. These results were used
to calculate the environmental performances of the cooling technologies included in the

model, as shown in Appendix H.

The average abiotic depletion potential (ADP) for each kilogram of installed cooling
technology is 2.64 104 kg Sb-eq. The average ADP per kg of the material footprint, which
is approximately seven times larger than the product's mass, is estimated to be 3.6-10

kg Sb-eq/kg — on par with metals like tantalum and nickel (van Oers & Guinée, 2016).

Figure 68 illustrates the material footprint, with mining tailings — waste byproducts of
mineral extraction — constituting around 60% and posing potential environmental risks.
The remainder comprises fossil fuels: coking coal (a critical raw material, CRM), crude
oil, and brown coal, accounting for 25% of the footprint. These are primarily used as
energy sources during production, with some allocation to manufacturing components like

plastic casings and steel.

42 Ventilation systems with heat exchangers were determined to be the products that most closely
resemble air conditioners and heat pumps within the ecoinvent database (Wernet et al., 2016).
Hence, they were used as a proxy in the determination of the production- and end of life-phase

environmental impacts of active cooling equipment in this research.
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The crustal scarcity indicator for the material content in cooling equipment, excluding
mining tailings, is 534 kg Si-eq/kg.*? This is comparable to the scarcity of phosphorus, a
notable CRM, as depicted in Figure 69.
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Figure 68: Prevalence of materials in the ventilation system supply chain. Mining
tailings are marked in orange, fossil fuels in dark gray, and CRMs in red. Note: coking
coal is considered both a fossil fuel and CRM, and platinum group metals are omitted as

they make up <I ppm of the material fooiprint.
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Figure 69: Average crustal scarcity indicator of the material footprint of ventilation

systems (excluding mining tailings), compared to some common materials.

43 Note that the crustal scarcity index per kilogram of the modeled ventilation equipment, as
detailed in Table 42, is about three times higher than this, because the production supply chain's

material footprint (excluding mining tailings) is roughly three times heavier than the end-product.
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4.1.3.1 Critical Raw Material Presence in the Material Footprint of
Cooling Equipment

The presence of CRMs in the material footprint of cooling equipment is noteworthy.
Thirteen CRMs were found to have a presence of more than 1 part per million (ppm) in

the material footprint of the ventilation systems. They are listed in

Figure 70 based on prevalence and crustal scarcity impact. These CRMs have been

correlated with the EU list of critical raw materials in Figure 71 (Grohol & Veeh, 2023).
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Figure 70: Share of material footprint and scarcity impact of CRMs > 1 ppm used in

ventilation systems.
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4.1.4 What are the Environmental Impacts of Residential and Office
Cooling in The Hague?

4.1.4.1 Electricity Use

While the capped cooling energy demand, as calculated in section 4.1.2, 1s 1,118 GWh per
year, only a fraction of demand is fulfilled by cooling technologies. Approximately 23% of
the cooling demand is fulfilled, meaning the remaining portion of cooling needs are left
unmet in The Hague (see Figure 72). This is referred to as the ‘cooling gap’, which leaves
77%, or 860 GWh of the thermal discomfort unmanaged, even when accounting for a 2%
tolerance window. Of the cooling demand fulfilled by equipment, the energy efficiency of
the installed equipment and size of the cooling demand result in an annual 101 GWh of

electricity use from cooling equipment.

Cooling energy demand, total
Cooling demand fulfilled by equipment

Electricity use

0 250 500 750 1,000
Energy (GWh)
Figure 72: Total cooling energy demand, the share that is fulfilled by cooling equipment,
and the resulting electricity use of the RO building stock in The Hague, in the Status
Quo (2020) scenario.

The total electricity use derives from the energy intensities of the eight building types
(see also Figure 131). The difference in cooling demand between residential and office
buildings, as elucidated in section 4.1.1.5, is further magnified when considering their
energy use. The average energy use intensity of offices is 21 kWh/m2, which is 14 times
higher than that of residential buildings at 1.5 kWh/m? (see Figure 73). This is a result of
offices fulfilling a greater portion of the cooling demand due to the higher penetration rate
of cooling equipment in offices. This also means that while offices only take up 13% of the

floor space, they are responsible for 68% of space cooling energy use (see Figure 77).
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Figure 73: Distribution of electricity use intensities by building type in the Status Quo
(2020) scenario.

4.1.4.2 Material Use

Based on the modeled cooling equipment installed in The Hague, the total mass of cooling
equipment in the RO building stock is approximately 3,003 tonnes. This can be annualized
to 232 tonnes per year, which represents the annual inflow of new cooling equipment
needed to sustain the cooling equipment stock, as well as the resulting outflow of waste
equipment. The extraction, use, and waste treatment of this material mass has
environmental implications including non-renewable resource depletion and pressures on
supply chains of scarce materials, which are measured through the ADP and the CSI (see

Table 43).

Table 43: Material use and environmental impact metrics of cooling technologies in the

Status Quo (2020) model of The Hague.
Value Material use (tonne) ADP (kg Sb-eq) CSI (kt Si-eq)

Impact of total cooling

. 3,003 755 4,720
equipment stock

Annualized impacts 232 58 365

The material use depends on the installation size of cooling equipment, which itself is
based on the peak cooling power demand. As can be seen in Figure 74, the peak cooling
power demand displays a smaller disparity than the cooling energy demand. Hence, the

material use intensity also shows a smaller disparity between offices and residential
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buildings compared to the electricity demand. Where residential buildings have an
average of only 0.06 kg of cooling equipment installed per square meter, this rises nine-
fold to 0.52 kg/m? for offices (see Figure 74). Variations in material use intensity across
building types roughly follow modeled market penetration rates (MPRs) of prevalent

cooling technologies (see Figure 33).
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Material intensity (kg/m2)
Figure 74: Distribution of material use intensities by building type in the Status Quo
(2020) scenario.

4.1.4.3 Climate Change Impacts

The climate change impact of cooling in The Hague results from the combined electricity
use, refrigerant leaks, and material requirements. Figure 75 presents their relative
contribution to the total annual greenhouse gas (GHG) emissions of 48.83 kt COz-eq,
which is driven by cooling energy demand and peak cooling power demand. Emissions
from electricity use make up the vast majority (88%) of total emissions, followed by
refrigerant leaks (10%), production (2%), and finally waste treatment (0.1%) of cooling
equipment. In terms of life cycle phases, the use-phase of cooling equipment makes up

98% of total GHG emissions.

130



Cooling for Comfort, Warming the World Results

Driver Emission sources Life cycles

Total cooling energy demand: 43,080 Electricity use: 43,080
Use-phase: 47,830

Peak cooling power demand: 5,750 Refrigerant leaks: 4,750

Production of cooling equipment: 933 Production: 933
Treatment of waste cooling equipment: 67 End-of-life: 67

Figure 75: Breakdown of total greenhouse gas emissions (tonne COz-eq) per driver (left),

source (middle), and life-cycle phase (right).

Like electricity use intensity, offices have a GHG intensity roughly 12 times higher than
residential buildings (see Figure 133), with new high-rise offices surpassing other building
types at a GHG intensity of 11 kg COz-eq/m2. While residential buildings have 12 times
lower GHG intensity, their predominance in the building stock results in a contribution

of 27% of the total GHG emissions for The Hague (see Figure 76).

Building type:
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GHG emission intensity (kg CO2-eq/m2)
Figure 76: Distribution of GHG emission intensities by building type in the Status Quo
(2020) scenario.
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4.1.5 Contribution Analysis of Building Types Across Key Impact Metrics

Figure 77 provides an overview of the comparative contribution of residential and office
buildings to the floor space, population, cooling demand, and ensuing environmental
impacts. Most notable is the overrepresentation of offices across impact metrics in relation
to their share of 13% of the floor area. This is a result of two notable characteristics of
offices: (1) their relatively high cooling energy demand intensity, and (2) the relatively
high MPR of cooling equipment in offices. The higher population density of offices
compared to residences results in greater internal heat gains, and the presence of
ventilation systems in high-rise offices contributes to the ventilation heat gains (as shown
in section 4.1.1.5). This increases overall cooling demand in offices, rendering offices
responsible for 34% of the total cooling energy demand — 2.5 times higher than their

share of floor area.

In terms of environmental impacts, the MPR of cooling equipment is greater in offices
than residential buildings, further increasing the disparity between offices and
residential buildings when it comes to the electrical energy use. Essentially, offices fulfill
a greater portion of cooling demand with cooling systems, increasing thermal comfort in
offices compared to residences. Hence GHG emissions from offices comprise 65% of total

emissions, nearly five times their share of floor area.

In contrast, offices are less overrepresented in peak cooling power demand. This is due to
the more consistent cooling demand of offices throughout the year which is less volatile to
the outside environment than in residences (see section 4.1.2). This results in peak cooling
power demand for offices being slightly higher than that for residences, but with less of a
disparity compared to cooling energy demand. Hence, material footprint, which largely
depends on peak cooling power demand, is less skewed towards offices in comparison to

the energy use and GHG emissions, which mainly depend on cooling energy demand.
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Figure 77: Relative share of residential and office buildings in building stock

characteristics and key impact metrics, in the Status Quo (2020) scenario.

When breaking down contribution by building type, as shown in Figure 78, it becomes
evident that within the subset of residential buildings (types 1-4), the cooling demand
and environmental impacts are distributed in a manner largely proportional to the floor
space and population size. A similar distribution pattern is observed within the office
buildings (types 5—8). Building type 4 (Old low rise residential) and building type 6 (Old
low-rise office) emerge as the primary contributors to the environmental impacts of
cooling due to their dominance in floor space within their respective end uses, accounting

for 22%—-33%, and 43%—44% of the environmental impacts, respectively.

B 1: New highrise
residential

[ 2: 0ld highrise
residential

Floor area

Population B 3: New lowrise
residential
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demand
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GHG
emissions

Material
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0% 25% 50% 75% 100%
Figure 78: Relative share of building types in building stock characteristics and key

impact metrics, in the Status Quo (2020) scenario.

44 Tt's important to clarify that the population figures in this graphic are for modeling purposes
only. In reality, there is considerable overlap between the office and residential populations, as

many individuals who work in The Hague also reside there.
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4.2 Exploring Future Cooling Scenarios

4.2.1 How Will the Cooling Demand for the Residential and Office
Building Stock in The Hague Evolve in 2030 and 2050 Scenarios?

The cooling energy demand of The Hague’s RO building stock increases by an average of
32% between 2020 and 2050 across scenarios, and peak cooling power demand increases
by an average of 6% (see Figure 79) in the same period.*> In the 2030 scenario, which
extrapolates current trends and planned policies over the next decade, cooling energy
demand increases slightly by 0.8% to 1,127 GWh, while peak cooling power demand drops
by 3.8% from 783 MW to 7563 MW. Figure 80 shows the contribution of thermal flows to
cooling demand for each scenario on a hot summer’s day. While most thermal flows remain
relatively stable in magnitude, there is a slight dip in transmission heat gains compared
to the Status Quo (SQ) scenario, likely attributed to modeled improvements in thermal
insulation (i.e., enhancements in the average energy label). This accounts for the
reduction in peak cooling power demand observed in Figure 81, as buildings with higher
energy labels have better insulation, leading to fewer extreme heat peaks during hot days.
On the other hand, higher temperatures and solar radiation throughout the year will
result in a greater number of cooling degree days (CDDs) annually, increasing the overall

cooling energy demand.

This decrease in peak cooling power demand and increase in cooling energy demand
applies not only to 2030, but to the 2050-L and 2050-M scenarios as well. In the 2050-M
scenario, which represents a middle-of-the-road scenario for both temperature increases
and climate change mitigation, cooling energy demand increases by 19%, while the cooling
power demand stays constant at 783 MW. As shown in Figure 79, this decrease in cooling
power demand is likely due to the further decrease in transmission-based heat gains from

increased thermal insulation, i.e., energy label improvements.

45 In this section, it should be noted that the terms peak cooling power demand and cooling energy
demand refer to the capped values; specifically, the 98th percentile of the annual cooling power

demand and the cooling energy demand capped at that 98tk percentile of power, respectively.
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Figure 79: Overview of the total and capped cooling energy and power demand of

residential and office buildings in The Hague, across scenario.

In the 2050-H scenario, where climate change impacts increase and minimal mitigation
measures are taken, both cooling energy demand and peak cooling power demand increase
compared to the status quo. The increase in cooling energy demand outpaces the growth
in peak power demand, with the former almost doubling from 1,118 GWh to 2,111 GWh,
while the latter experiences a more modest 38% increase to 1,079 MW. This discrepancy
can likely be attributed to a substantial rise in CDDs across the year, as opposed to the
likely marginal growth in maximum annual temperatures, which primarily determine
peak cooling power demand. This is reflected in Figure 80 with an increase in all thermal
flows (except the internal heat gains, which stay constant). Transmission heat gains
increase due to a stagnation in energy label improvements from 2030 onwards, resulting
in insulation ill-equipped to combat the increasing temperatures and solar radiation.

Ventilation and infiltration heat gains also increase slightly.

2050-L is the only scenario where both cooling energy demand and cooling power demand
decrease, by 12% and 21%, respectively (see Figure 82 and Figure 83). In 2050-L, stringent
climate change mitigation adaptation policies have been enacted, combatting temperature
and solar radiation increases, reducing the UHI effect, and greatly improving the energy
performance of the RO building stock. Despite increases in outdoor temperatures,

building insulation and lower solar factors for windows reduce the transmission and solar
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radiation thermal flows significantly, offsetting a rise in outdoor temperatures, and hence

reducing the peak cooling power and cooling energy demand.

It should be noted that the thermal flow and cooling load figures, as shown in Figure 80
and Figure 81, were generated using a sample of 2,000 buildings, with a representative
proportion of building types and energy classes according to the scenario. However, this
entails that the graphs for some of the building types are founded on simulations involving
a small number of buildings (n < 5). Consequently, the exact magnitudes depicted in the
graphs should not be assumed to represent the entire building type accurately.
Nonetheless, these figures can provide insights into the order of magnitude and

proportions among thermal flows within that building type.

Transmission Transmission
1500 - Infiltration 1500 - Infiltration
Ventilation Ventilation
1250 4 Solar radiation 1250 4 Solar radiation
Internal heat Internal heat
S 1000 4 Cooling demand S 1000 4 —— Cooling demand
= =
3 7501 3 7501
= =
: :
] 500 A 5 500 A
= =
= [
250 4 250 A
0 0
—250 A —250
0 10 20 30 40 0 10 20 30 40
Hour Hour
Transmission Transmission
1500 1 Infiltration 1500 - Infiltration
Ventilation Ventilation
1250 A Solar radiation 1250 4 Solar radiation
Internal heat Internal heat
S 1000 1 — Cooling demand | = 3900 - —— Cooling demand
= =
: 3 v
3 750 4 3 750
= =
g ©
5 500 A E 500 -
£ =
[ [
250 - 250 A
0 0 ——
=250 A —250 A
T T T T T T T T T T
0 10 20 30 40 0 10 20 30 40
Hour Hour

Figure 80: Thermal flows for all residential and office buildings during a future
heatwave for four scenarios: (top-left) 2030; (top-right) 2050-L; (bottom-left) 2050-M;
(bottom-right) 2050-H.

Analyzing the differences between residential buildings and offices, the evolution of
cooling energy demand in The Hague is characterized by varying energy demand
intensities and shifts in building stock. In terms of cooling energy demand intensities,
offices consistently maintain higher levels compared to residential buildings. However,

the growth rates differ significantly between the two. As can be seen in Figure 82, The
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cooling energy demand intensity for offices shows a relatively modest increase of only 24%
from the status quo to the 2050-H scenario. In contrast, residential buildings experience
a substantial growth of 78%, rising from 24 to 68 kWh/m? during the same period. This
results in a narrowing gap between cooling energy demand intensities of the two end uses.
Notably, the intensities remain stable between the SQ and 2050-L scenarios for both
residential and office buildings. For a detailed overview of the cooling energy and power

demand intensities per building type, see Appendix Q.
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Figure 81: Annual cooling demand profile for all residential and office buildings in The
Hague for four scenarios: (top-left) 2030, (top-right) 2050-L; (bottom-left) 2050-M;
(bottom-right) 2050-H.

Examining the overall energy demand, the substantial increase in cooling energy demand
intensity for residential buildings is further exacerbated by the projected growth in the
residential building stock. This results in a more than doubling of residential cooling
energy demand, increasing from 736 to 1,694 GWh between the SQ (2020) and the 2050-
H scenario. In the most optimistic scenario for 2050 (2050-L), residential cooling energy

demand experiences minimal growth, with only a 4 GWh increase to reach 740 GWh.

On the other hand, the office building stock is projected to shrink, which offsets the

relatively modest increases in energy demand intensity. Consequently, the total cooling
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energy demand from offices decreases significantly, declining by 36% from 334 to 213
GWh between the SQ and 2050-L scenarios. Notably, even between the SQ and the 2050-

H scenario, offices only witness a 9% increase in cooling energy demand, rising from 382

to 417 GWh.
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Figure 82: Evolution of the cooling energy demand intensity (left) and total cooling

energy demand (right) for residential buildings and offices, across scenarios.

Changes in peak cooling power intensities are subtler than those in energy demand. Peak
cooling power demand intensities exhibit a consistent decrease in all scenarios, except for
the 2050-H scenario (see also Figure 83). For residential buildings, the reduction in peak
cooling power demand intensities is more pronounced, experiencing a 20% decline from
30 to 24 W/m? between the Status Quo and 2050-L scenarios. In contrast, office buildings

witness a milder decrease, shrinking by only 5% from 42 to 40 W/m? over the same period.
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Figure 83: Evolution of the capped peak cooling power demand intensity (left) and total

capped peak cooling power demand (right) for residences and offices, across scenarios.
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In total peak cooling power demand, residential demand rises by 50% from 643 MW in
the Status Quo to 943 MW by 2050-H. Meanwhile, office demand consistently drops,
reaching a maximum of 137 MW in 2050-H, a 2% decline. Between the Status Quo and
2050-L, residential demand decreases by 17%, while office cooling power demand reduce

by 40%.

4.2.2 How Will the Environmental Impacts of Residential and Office
Cooling in The Hague Evolve across the 2030 and 2050 Scenarios?

4.2.2.1 Electricity Use

Besides the changes in cooling energy demand, the evolution of the electrical energy use
depends on the share of buildings with an active cooling installation, and the energy
efficiency of those installations. With MPRs of cooling equipment anticipated to grow
rapidly in the coming decades, especially for residential buildings, the cooling gap is

projected to narrow from 77% in the status quo (2020) to 17% in 2050-H (see

Figure 84). Even in the low-impact 2050-L scenario, the cooling gap is cut in half, resulting

in only 38% of the cooling demand going unfulfilled.

Resulting from an increase in both determining factors, electricity use increases in all
scenarios except 2050-L, in which it drops one third from the current 101 GWh to 67 GWh.
By 2030, electricity usage from cooling equipment is expected to rise by 28%, with an
additional 15% increase in the 2050-M scenario. In the most extreme scenario, 2050-H,
electricity demand for cooling is estimated to quadruple compared to the status quo,
reaching 419 GWh. The proportionally smaller increases in electricity use compared to
the growth in the fulfilled cooling demand can be explained by modeled improvements in

the energy efficiency of cooling technologies.
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Figure 84: The evolution of the cooling energy demand, the share of the cooling demand
fulfilled by cooling equipment, and the electricity needed to fulfill cooling demand across

scenarios.

Differences between residential and office buildings are apparent when examining their
electricity use intensities. In the Status Quo scenario, residential electricity use intensity
1s 14 times smaller than that of offices, at a ratio of 1.5 to 21 kWh/m2. However, residential
intensity undergoes a rapid growth trajectory in the future scenarios. Specifically, as can
be seen in Figure 85, it doubles from 1.5 to 3.1 kWh/m2 in 2030 and is projected to grow
eightfold to 12.5 kWh/m? in the 2050-H scenario. These increases can likely be attributed
to the anticipated surge in the MPR of cooling equipment in residential buildings, which
rises from an average of 15% to 34% in 2030 and eventually to 78% in the 2050-H scenario.
In the 2050-L scenario, residential electricity use intensity remains virtually the same as
in the status quo scenario, at 1.6 kWh/m2. This is likely due to the projected improvements
in energy efficiency of cooling equipment offsetting the increased cooling demand and

MPR of cooling equipment.

In contrast, changes in electricity use intensity for offices are more moderate, primarily
due to the modest rise in cooling equipment MPR. The average MPR in offices is expected
to increase from 73% to 100% by 2030, maintaining at 100% in all 2050 scenarios, leaving
limited room for substantial increases in electricity use. Consequently, the electricity use
intensity of offices is only projected to grow by 11%, increasing from 21 to 23 kWh/m? by
2030, and increasing by another 10% to 25 kWh/m? in the 2050-H scenario.
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Figure 85: Evolution of the electricity use intensity (left) and total electricity use (right)

for residential buildings and offices, across scenarios.

In contrast, the 2050-M and 2050-L scenarios indicate a 7% to 27% reduction to 19 and
15 kWh/m?, respectively. These variations are likely attributed to modeled improvements
in energy efficiencies and the slightly lower cooling demand intensities for offices. Figures

displaying the evolution of the electricity use intensity per building type can be found in
Appendix Q.

The disparities in the absolute electricity use are further exacerbated by projected
changes in the building stock. While the residential building stock is expected to increase
between 3% and 29% between 2020 and 2050, office floor space in The Hague is projected
to shrink 14% to 47% in the same period. Consequently, electricity use from residential

buildings grows significantly, while that of offices remains relatively stable.

In the residential sector, electricity use for space cooling experiences significant growth
across all scenarios. Notably, it more than doubles by 2030, increasing from 32 to 71 GWh,
and undergoes an eleven-fold surge in the 2050-H scenario, reaching 346 GWh. The only
exception is the 2050-L scenario, in which the electricity use grows modestly with 8% to
reach 35 GWh. Conversely, total electricity use in office buildings shrinks in all but one
scenario, halving in the 2050-L scenario from 68 GWh to 32 GWh. Even in the worst-case
2050-H scenario, it grows only slightly with 6% to 73 GWh.

4.2.2.2 Material Demand

The projected increase in the market penetration of cooling equipment, combined with the
expected rise in the cooling demand, has significant implications for material demand in

future scenarios. The material demand of cooling equipment across the total building
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stock increases in all scenarios, ranging from a 55% increase by 2030 to a more than three-
fold increase in 2050-H, with relatively linear shifts between scenarios (see Table 44).
Given that the ADP intensity and the CSI intensity remain unchanged across scenarios in
the modeling,*¢ the total resource depletion and crustal scarcity impacts are expected to
grow at the same rate as the total material demand. This translates into increased risks
of resource depletion from the increased cooling equipment stock, and higher associated

environmental risks.

Table 44: Material demand and related environmental impact metrics of the modeled
cooling equipment stock for all scenarios. Note that this is the impact of the installed

cooling equipment stock, please see Appendix @ for the annualized impacts.

Scenario Material demand (kt) ADP (tonne Sb-eq) CSI (Mt Si-eq)
SQ (2020) 3.00 0.76 4.72
2030 4.67 1.21 7.56
2050-L 7.99 2.08 13.0
2050-M 8.94 2.36 14.8
2050-H 10.7 2.82 17.6

Whereas the intensity of cooling equipment material demand for offices is much higher
than that for residences in the Status Quo (0.52 kg/m?2 vs. 0.06 kg/m?), the future scenarios
project a narrowing in this gap, with residential material demand intensity rising at a
faster rate than office intensity across scenarios. This is primarily due to increases in the
MPR of cooling equipment in the residential sector from 15% in the Status Quo. In
comparison, offices are assumed to have reached a 73% MPR in the Status Quo scenario,
leaving less room for growth. It is noteworthy that material intensities are projected to

increase for both offices and residential buildings in all future scenarios.

As seen in Figure 86, the material demand intensity of the residential sector is expected
to roughly double from 0.06 kg/m? to around 0.14 kg/m? by 2030. This intensity is projected
to double again by 2050, reaching 0.29—0.31 kg/m?. In contrast, the office sector is
projected to rise moderately by 12% to 0.59 kg/m2 by 2030. By 2050, it is expected to

increase between 17% and 37% to reach a maximum of 0.72 kg/m2.

46 In other words, the ADP and CSI impacts —in kg Sb-eq and kg Si-eq per kg of cooling equipment

respectively — were assumed not to change in the future scenarios.
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Notably, the best-case 2050-L scenario exhibits a higher material demand intensity for
offices compared to the 2050-M and 2050-H scenarios. This deviation is likely attributed
to the higher proportion of heat pumps in the cooling technology mix — as opposed to
chillers, split-type, and portable air conditioners (ACs) — for offices in the 2050-L scenario.
While heat pumps boast superior energy efficiency and lower climate change impact than
traditional ACs, they are modeled to be more materially intensive. For a detailed overview

of the material use intensities per building type, see Appendix Q.
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Figure 86: Evolution of the material demand intensity (left) and total material demand

(right) for residential buildings and offices, across scenarios.

Regarding the total material demand, which is largely driven by offices in the Status Quo
scenario, the rapid surge in material demand intensity within residential buildings,
coupled with the projected growth of the residential building stock, results in a substantial
increase in total material demand for cooling equipment in residential buildings.
Specifically, residential material demand for cooling equipment is set to more than double
by 2030, escalating from 1.3 kt to 3.2 kt by 2030. It is then projected to grow two- to
threefold between 2030 and 2050, reaching a range of 6.5 to 8.7 kt by the end of that

period.

Conversely, the material demand of cooling equipment in offices is anticipated to slightly
decrease by 2030, declining from 1.8 to 1.5 kt. Comparable figures are projected for the
2050-L and 2050-M scenarios, with material demands of 1.5 and 1.6 kt, respectively. This
decrease is largely attributed to the shrinking building stock for offices. However,
material demand experiences marginal growth in the 2050-H scenario, increasing by 11%

to 1.9 kt.
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4.2.2.3 Climate Change Impacts

The climate change impacts resulting from electricity use, refrigerant leaks, and the
production and end-of-life phases of cooling equipment decrease in all scenarios compared
to the Status Quo, except for 2050-H, where impacts increase significantly (see Figure 87).
In the 2030 scenario, GHG emissions are projected to drop from 48.8 to 25.1 kilotons (kt)
COz-eq per year. This is likely caused by the decrease in electricity-related emissions.
Despite an increase in cooling-related electricity use of 28% by 2030, the projected
increase in the share of renewable energy technologies within the Dutch energy mix
reduces the carbon intensity of the grid, decreasing net GHG emissions. Emissions from
refrigerant leaks are also anticipated to decrease, due to reductions in the leakage rates
of cooling technologies and choices for refrigerants with a lower global warming potential
(GWP). On the other hand, emissions from production and end-of-life processes increase

by 58% as the cooling equipment stock increases in The Hague.

In the 2050-L scenario, GHG emissions are projected to reduce by 90% from 48.8 to 4.7 kt
COz2-eq, which is the most severe reduction of all scenarios. This is largely due to the
electricity-related emissions dropping by 95% to 1.9 kt COsz-eq, due to dramatic
decarbonization of the electricity grid, where fossil fuels only make up 0.5% of the
electricity mix. In addition, GHG emissions from refrigerant leaks have been eliminated
due to a modeled widespread adoption of zero-GWP refrigerants and best practices and
policies for leakage rate reductions. Instead, production and end-of-life treatment of
cooling equipment are responsible for the majority of GHG emissions at 2.6 and 0.19 kt

COz-eq respectively, due to an increasing size of the cooling equipment stock.

2050-M follows a similar pattern to 2050-L, with total GHG emissions dropping by 81%
to 9.3 kt COz-eq. In 2050-M, although significant decarbonization of the electricity grid
takes place, the mix of renewable energy technologies results in slightly higher carbon
intensity than in 2050-L, mostly due to the higher share of solar PV which has higher
scope 3 impacts than e.g., wind energy. This results in annual electricity-based GHG
emissions of 6.2 kt CO2-eq — still an 86% drop compared to the status quo. Refrigerant-
related emissions are dramatically reduced from 4.8 kt CO2-eq in the status quo scenario
to only 3 tonnes COz-eq per year. Greater market penetration of cooling technologies in
2050-M compared to 2050-L result in slightly larger emissions from production and end-
of-life treatment of the equipment, at 2.9 and 0.21 kt COz-eq respectively.

144



Cooling for Comfort, Warming the World Results

In contrast, GHG emissions increase by 71% from 48.8 to 83.6 kt COz-eq in the 2050-H
scenario. Emissions from all sources increase, and electricity remains the largest source
of emissions, growing by 55% from 43.1 to 66.6 kt COz2-eq. This is most likely a result of
stagnation in the decarbonization of the electricity grid from 2030 onwards, combined
with a large increase in cooling energy demand due to climate change, and high market
penetration of cooling technologies in both residential and office buildings. Emissions from
refrigerant leaks grow almost threefold from 4.8 to 13.3 kt COz-eq, due to a high growth
in the demand for cooling equipment and only minimal improvements in leakage rates
and refrigerant choices. This increase in the market penetration of cooling equipment also
results in much higher GHG emissions in the required production and waste treatment
process, increasing from 0.9 to 3.5 kt COz-eq and from 67 to 251 tonnes COz-eq,

respectively.
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Figure 87: Breakdown of total GHG emissions by source, across scenarios.

Significant differences in carbon intensities can be observed between residential and office
buildings. In the case of residential buildings, the carbon intensity of space cooling is
projected to decrease in all scenarios except for 2050-H, as can be seen in Figure 88. By
2030, it is expected to reduce by one fifth, dropping from 0.79 to 0.64 kg COz-eq/m?2. It
decreases further by 77% decrease in the 2050-L scenario, down to 0.15 kg COz-eq/m?2.
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This remarkable decline is largely attributed to the steady decarbonization of the
electricity grid, which is anticipated to be nearly carbon neutral in the 2050-L scenario.
In stark contrast, the carbon intensity triples to 2.53 kg COz-eq/m? in the 2050-H scenario.
Here, the decarbonization of the grid stagnates from 2030 onwards, proving insufficient
to counteract the increasing market penetration of cooling equipment and the heightened

cooling demand resulting from climate change.

The carbon intensity of offices experiences a decrease across all scenarios, primarily due
to electricity grid decarbonization. It halves from 9.6 to 4.1 kg CO2-eq/m2 by 2030 and
further drops by 83% to 0.67 kg COz2-eq/m? in the 2050-L scenario. In the 2050-H scenario,
the carbon intensity moderately increases from the 2030 level to 4.6 kg CO2-eq/m?, which
still reflects a 52% reduction compared to the status quo. For a detailed overview of the
carbon intensities per building type, see Appendix Q.
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Figure 88: Evolution of the carbon intensity (left) and total GHG emissions (right) for
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residential buildings and offices, across scenarios.

The total GHG emissions closely mirror the trend observed in carbon intensities but are
influenced by changing building stock dynamics. In the status quo scenario, office GHG
emissions are approximately double those of residential buildings, at 32.0 vs. 16.9 kt COs-
eq, respectively. However, in all future scenarios, residential emissions are expected to
surpass those of office buildings, with the residential-to-office emission ratio reaching five

to one in the 2050-H scenario.

Residential GHG emissions are projected to undergo a moderate reduction of 13%,
declining to 14.8 kt CO2-eq by 2030, followed by a more substantial four-fifths reduction

to 3.3 kt CO2-eq in the 2050-L scenario. In contrast, these emissions experience a
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dramatic four-fold increase to 70.1 kt CO2-eq between the status quo and the 2050-H
scenario. This significant rise can likely be attributed to a combination of increased
electricity usage, grid decarbonization stagnation, and a substantial expected growth in

the number of residential buildings.

Total GHG emissions from office buildings, on the other hand, are expected to decrease
across all scenarios. After a two-thirds reduction from 32.0 to 10.3 kt CO2-eq by 2030,
office emissions are projected to drop even further, decreasing by 86% to 1.4 kt CO2-eq in
the 2050-L scenario. Even in the worst-case 2050-H scenario, emissions are 58% lower

than in the status quo, totaling 13.5 kt CO2-eq.

4.2.3 Summary and Contribution Analysis

Table 45 presents an overview of the main impacts across scenarios. Section 4.1.5
highlights how in the status quo (2020) model, offices are overrepresented in cooling
demand and the consequent environmental impacts in relation to their share of floor space
in the building stock. Figure 89 presents the divide between offices and residential
buildings in terms of their contribution towards future impacts. Due to the projected
growth in the residential building stock of The Hague, while office space is expected to
decrease, the share of offices in total floor space drops slightly from 14% in the status quo

to 9—10% 1in future scenarios.

Table 45: Energy and environmental impacts across scenarios for the RO building stock
of The Hague.

Cooling energy Peak cooling power Electricity GHG emissions Cooling equipment

Scenario demand (GWh) demand (MW) use (GWh) (kt CO2-eq) stock (kt)
SQ (2020) 1,118 1,431 101 48.8 3.00
2030 1,127 1,307 129 25.1 4.67
2050-L 987 1,030 67 4.74 7.99
2050-M 1,334 1,266 148 9.32 8.94
2050-H 2,111 1,685 419 83.6 10.7

In terms of environmental impacts, the overrepresentation of offices in the status quo
diminishes across scenarios, as residential buildings account for an increasingly larger
share of impacts. For instance, in the 2050-H scenario, the share of residential buildings
in electricity use increases by 259% from the status quo; 200% in material demand; and
by 242% in terms of GHG emissions. This contrasts with the modest increase in

residential buildings in floor area by 5% between the status quo and 2050-H. This increase
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in the representation of residences in cooling impacts is mainly a result of the rapidly
increasing MPR of cooling equipment in the residential sectors, whereas offices already
had a relatively high MPR in the status quo, leaving less room for environmental impact

growth in the future.
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Figure 89: Evolution of the share of residential and office buildings in floor space (top-
left), electricity use (top-right), material demand (bottom-left), and GHG emissions
(bottom-right). Note: additional figures of impact shares by building type can be found
in Appendix Q.
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4.3 Supplementary Results

4.3.1 Sensitivity Analyses

Sensitivity analyses were performed to determine the responsiveness of environmental
impacts to changes in input parameters. An overview of the resulting elasticities can be
seen in Table 46. While most input parameters exert some degree of influence on the
environmental impacts, seven parameters stand out as having the highest elasticity,
which as discussed in detail below, apart from MPR. The total MPR of cooling equipment
has a considerable influence on environmental impacts, with an exact one-to-one
relationship between them. Nevertheless, these elasticities remain constant across the

full input range of the MPR, underscoring its leverage power.

Table 46: The elasticities of the three primary impacts with regards to various input

parameters.
Elasticity
Reference GHG Material
Input parameter value Unit Electricity use  emissions demand

Cooling demand cap percentile 98% % 1.56 3.05 10.5
Effective cooling temperature 25 °C -3.41 -3.15 -1.82
Summertime temperature 18 °C 1.11 1.08 0.93
Total market penefration rate o o eype ot 1.00 1.00 1.00
of cooling technologies
Daytime UHI effect 8.3 °C 0.91 0.85 0.52
Energy efficiency of cooling kWh cooling /

. . . -1. -0. 0.00
technologies (SEER) 5.0 kWh electricity 0 0.80

bon intensity of electricit;
;zg on INTENSIty oF G 0427 kg COs-eq/kWh 0.00 0.83 0.00
Summertime solar radiation 229 W/m2 0.26 0.28 0.36
Internal heat gains 6.0 W/m? 0.21 0.19 0.08
Density of people in offices 0.067 - 0.06 0.06 0.04
Average amount of people per 2.01 ) 0.06 0.05 0.02
household
% of ch
Refrigerant leakage 9.0 o Of charge per 0.00 0.14 0.00
year
lobal i tential of

Global warming potential of ) )3 10 (0,-eq/kg 0.00 0.11 0.00
refrigerant
Nighttime UHI effect 2.1 °C 0.02 0.02 0.00

Note: Comprehensive data illustrating the influence of input parameters on absolute and normalize cooling
demand and environmental impacts can be found in Appendix O. It should also be noted that these elasticities
may not remain constant across the entire range of input parameters, and the values shown represent the
elasticities at the reference value.
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4.3.1.1 Cooling Demand Cap Percentile

The cooling demand cap percentile, i.e., the percentile at which the cooling demand is
capped, serves as a proxy for thermal discomfort tolerance. Throughout the scenarios, a
consistent value of 98% is used, reflecting the installation of cooling systems based on the
98t percentile of power and energy demand. These installations are designed to meet
cooling needs for 98% of the year, leaving occupants in a state of thermal discomfort

during 2% of the time.

Out of the examined input parameters, the cap percentile has the largest influence on
environmental impacts. Notably, moving from a 98% cap percentile to 97% results in a
1.6% reduction in electricity use, a 3.1% decrease in GHG emissions, and a 10.5% decrease
in material demand (see Table 46).4”7 The large decrease in material demand can be
attributed to the direct influence of the cooling demand cap percentile on the total cooling
equipment installations. As illustrated in, the impact elasticities vary significantly with
regards to the cooling demand cap percentile. While impact elasticities are stable for
cooling demand cap percentiles up to 97% (serving as a proxy for thermal discomfort
tolerances of 3% and up), they increase dramatically in the final stretch towards 100%
coverage of cooling demand. For example, moving from 98% to 100%, corresponding to a
zero-tolerance approach for thermal discomfort, would exponentially escalate
environmental impact. Notably, material demand would increase by 70% compared to the

status quo scenario, as shown in Figure 91.

47 Such a transition can be seen as a proxy for increasing the thermal discomfort tolerance from

2% to 3% of the hottest hours in the year.
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percentile cap.

4.3.1.2 Effective Cooling Temperature

Furthermore, the effective cooling temperature, or the threshold above which cooling is
deemed necessary, has considerable influence on the final cooling demand impacts within
The Hague, with elasticities ranging from 1.8 for material demand to 3.4 for electricity
usage. As shown in Figure 92, a reduction in the effective cooling temperature from 25 °C
to 23 °C (as in the 2050-H scenario) results in a 15% increase in material demand and a
30% rise in electricity usage and GHG emissions, respectively. Conversely, a 1 °C increase
in effective cooling temperature (as in the 2050-L scenario) leads to a 7% reduction in

material demand, as well as a 14% decline in electricity usage and GHG emissions.

It is noteworthy that the impact elasticities exhibit an increase in magnitude as the
effective cooling temperature rises, particularly at higher effective cooling temperatures
nearing 30 °C, as illustrated in Figure 93. At these elevated temperatures, the elasticities
increase from 1.5 for material demand and 3.0 for electricity usage and GHG emaissions to
3.0 and 4.5, respectively. This implies that as the effective cooling temperature is raised,
more-than-linear impact reductions can be achieved, especially in the case of electricity

usage and GHG emissions.
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4.3.1.3 Summertime Temperature

Effective cooling temperature (°C)

Figure 93: The variation of the cooling-
related environmental impact elasticities
with respect to the effective cooling

temperature.

The influence of the average summertime temperature on environmental impacts is

significant, as environmental impacts increase by 6-7 % solely due to the temperature

rise in the 2050-H scenario. At the reference value, elasticity is approximately one,

signifying that a 1% increase in temperature corresponds to a similar increase in

environmental impacts. This elasticity increases slightly as the summertime temperature

increases. For example, the elasticity of electricity use and GHG emissions escalates to

approximately 1.3 with a summertime warming of 4 °C (see Figure 94 and Figure 95).

However, it is important to note that The Hague municipality has a negligible influence

over global temperature rise, and the policy recommendations of this research primarily

target local actions within the municipality's jurisdiction. Hence, this sensitivity analysis

of summertime temperature is not taken into further consideration.
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4.3.1.4 Daytime UHI Effect

Average summertime temperature (°C)

Figure 95: The variation of the cooling-
related environmental impact elasticities
with respect to the average summertime

temperatures.

The daytime UHI effect has the fifth largest impact on cooling demand environmental

impacts, with considerable elasticities greater than 0.5 for all impact categories. As shown

in Figure 96, these high elasticities cause in the expected 1.5 °C increase in the UHI effect

within the 2050-H scenario to lead to an 18% rise in electricity usage and GHG emissions,

accompanied by a 10% increase in material demand.
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Figure 96: The influence of the daytime UHI effect on environmental impacts,

normalized to the reference value at 8.3 °C.
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As discussed in section 3.2.2.1, the UHI effect is not constant throughout the year or the
city. However, due to the unavailability of comprehensive data on its temporal or spatial
variation, a constant daytime UHI effect was assumed in the model. Given the primary
focus of this research on space cooling, which predominantly occurs on hot summer days,
a UHI value of 8.3 °C was used in the Status Quo scenario, aligning with the UHI effect
experienced during such hot summer days. In order to assess the impact of this modeling
decision, a comparison was made between the environmental impacts of the SQ scenario
and those of an alternative model wherein the UHI effect was set at 1.2 °C, representing
the annual average UHI effect in The Hague based on the available sources (van der
Hoeven & Wandl, 2018a). This shift to the annual average UHI effect yielded a substantial

decrease in environmental impacts, as shown in Table 47.

Table 47: Reduction in cooling demand and related environmental impacts by shifting

from a daytime UHI effect of 8.3 °C to 1.2 °C.

Impact Impact reduction
Cooling energy demand 46%
Peak cooling power demand 42%
Electricity use 41%
GHG emissions 40%
Material demand 33%

4.3.1.5 Energy Efficiency of Cooling Equipment

Lastly, the energy efficiency of cooling equipment significantly impacts electricity use and
GHG emissions, with elasticities of -1 and -0.8, respectively. It is worth noting that the
potential for environmental impact reduction through energy efficiency diminishes as the
importance of electricity within the total GHG emissions decreases. For instance,
enhancing the average energy efficiency by 80% from 5 to 9 units of cooling energy
provided per unit of electrical energy used, as demonstrated in the 2050-L scenario,

results in a 37% reduction in GHG emissions, as depicted in Figure 97.

4.3.1.6 Carbon Intensity of the Electricity Grid

The carbon intensity of the electricity grid exclusively impacts GHG emissions and does
not affect the electricity or material use resulting from cooling demand. However, it plays
a pivotal role in determining total GHG emissions, with an elasticity of 0.83. As depicted
in Figure 98, transitioning from the status quo value of 0.427 kg COz-eq to 0.029 kg COs-

eq in the 2050-L scenario results in a substantial 78% reduction in total GHG emissions
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attributed solely to the decarbonization of the electricity grid. Conversely, if the
Netherlands were to adopt the carbon intensity level of Poland, standing at 0.67 kg CO:-
eq (Ritchie et al., 2022), it would lead to a 47% increase in total cooling-related GHG

emissions.
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Figure 98: The influence of the carbon
intensity of the electricity grid on
environmental impacts, normalized to the

reference value at 0.43 kg COz-eq.

4.3.1.7 Impact Elasticities of Cooling Technology Choices

A sensitivity analysis was performed on the transition from one cooling technology to
another, and its influence on environmental impacts (see Table 48). Most evident is the
reduction in environmental impacts when transitioning away from portable ACs, which
reduce electricity use and GHG emissions. However, portable ACs have a comparatively
low material demand, which results in higher material demand impacts when
transitioning towards other active cooling technologies. A transition towards heat pumps
in particular shows the greatest reductions in electricity use and GHG emissions
compared to other technologies. However, heat pumps have a much higher material
demand, which increases material footprint. In relation to chillers and large split ACs,
both which are suitable for larger buildings, the transition from large split ACs to chillers
is predicted to result in small reductions in electricity use and GHG emissions, with an

even smaller increase in material demand. It should be noted that these figures are based
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on proxy sample models for each technology, so the precise numerical percentage changes

hold a high uncertainty. Instead, the overall relationships should be the focus of analysis.

Table 48: Overview of the percent change in environmental impacts when moving from a

cooling technology mix of 100% one technology to 100% of another.

Moving from ...

.. tO

Elasticity

Electricity use  GHG emissions Material demand

Portable AC Large split AC -34% -34% 5%
Portable AC Heat pump -47% -41% _
Portable AC Chiller -25% -28% 2%

Heat pump Large split AC 10% 5% -29%
Chiller Large split AC -8% -6% 3%

Chiller Heat pump -20% -12% _
Heat pump Chiller 17% 10% -33%

Heat pump Heat pump -1% -1% -3%

Large split AC ~ Heat pump -12% -6% 23%

Large split AC ~ Chiller 7% 6% -3%

Heat pump Portable AC _ -35%
Chiller Portable AC 22% 24% -2%

4.3.2 Extrapolation of impacts

The cooling demand and the corresponding environmental impact assessments are
grounded in the subset of The Hague's RO building stock for which energy label data was
accessible. Approximately 20% of the total floor space within the RO building stock lacked
assigned energy labels as of 2023. Since thermal insulation characteristics could not be
modeled for these unlabeled buildings, adjustments were made by scaling up the cooling
demand and environmental impact results. This extrapolation was guided by the
assumption that the energy label distribution for the unlabeled buildings mirrored that

of the building stock with assigned energy labels.

Table 49 provides a summary of the extrapolated results, revealing that the
environmental impacts for the extrapolated data are approximately 25% higher across all
impact categories compared to those calculated for the base building stock, as presented
in section 4.2.3. For further insights into the extrapolated cooling demand and

environmental impact assessments, including data pertaining to the primary building
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subset, extrapolated values for buildings lacking energy label data, and the total impacts

for the entire residential and office building stock of The Hague, refer to Appendix R.

Table 49: Total impacts for the entire residential and office building stock of The Hague,
including extrapolation on buildings lacking energy label data.

Cooling energy Peak cooling power Electricity GHG emissions Cooling equipment

Scenario demand (GWh) demand (MW) use (GWh) (kt CO2-eq) stock (kt)
SQ (2020) 1,398 1,631 125 60.5 3.70
2030 1,408 1,497 161 31.3 5.82
2050-L 1,232 1,186 83 5.90 9.94
2050-M 1,665 1,462 184 11.6 11.1
2050-H 2,635 1,956 521 104 13.3
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5 Analysis and Discussion

5.1 What is the Current Cooling Demand of Residential and
Office Buildings in The Hague?

The analysis of cooling in residential and office buildings in The Hague reveals key
insights about the city's building stock and opportunities for reducing environmental
impact. Residential buildings are predominant, making up 99% of the total count, while
office buildings, though fewer, account for 13% of the total floor space. Most buildings are
between 10 and 15 meters tall, with high-rise buildings (over 17.5 meters) comprising just
2.1% of total buildings but holding 26% of floor space. Old low-rise residential buildings
are the most common in terms of both count and floor space. Old high-rise offices are the
most prevalent within the office building stock. Offices cluster in the city center and
business district, featuring a mix of old and newer high-rise offices, while new low-rise

residential buildings are mainly located on the outskirts, reflecting urbanization trends.

5.1.1 Energy Label Distribution

Furthermore, the distribution of energy labels reveals that there is room for improvement
in terms of building energy performance. Energy label A is the single most prevalent label,
but labels B through E together represent most of the floor space. Labels A+-A+++++ are
uncommon, likely due to their association with newer constructions. Overall, offices
perform better in energy label standards than residential buildings. Importantly, there is
a strong correlation between building age and energy labels, indicating that older
buildings tend to have lower energy performance. This remains the case despite extensive
efforts to renovate the existing residential building stock as part of the transition to
sustainable heating (“warmtetransitie” in Dutch) (DSO, 2022). This suggests that over
the past years, either insufficient renovations have occurred, or they have been ineffective
to significantly raise the energy labels of the older building stock to newer standards. This
calls for the implementation of more stringent energy label regulations for renovation
projects and efforts into formulating best practices and guidelines for renovations in the

context of the energy transition.

In addition, a substantial portion of office buildings in The Hague do not meet the
minimum energy label requirements of label C or above by 2023, as set by Dutch policy.

Approximately 30% of office buildings fail to adhere to the policy, although they represent
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only 9% of the total floor space. This suggests that medium-sized offices may be struggling
to meet the energy efficiency standards. Considering that offices make up a large portion
of the status quo cooling demand, it is essential for policymakers to address this issue by
providing incentives and stricter regulations to stimulate these offices to improve their

energy efficiency.

5.1.2 Economic Status and the Urban Heat Island Effect

The findings presented in this study shed light on a significant aspect of the
environmental and social impacts of space cooling in The Hague—the unequal
distribution of the urban heat island (UHI) effect among different socioeconomic groups.
Results revealed a statistically significant correlation between increased UHI and lower
income neighborhoods in The Hague. When combined with the fact that economically
disadvantaged groups tend to have poorer access to cooling equipment, as shown in Figure
15, it becomes evident that they are less well-equipped to combat heat stress compared to

counterparts in wealthier, cooler neighborhoods.

This situation presents a case of climate injustice in The Hague, underscoring the
vulnerability of low-income communities to heat stress, especially among vulnerable
populations like the elderly and children. These findings emphasize the urgency of
targeted interventions and policy measures, such as enhancing green spaces, improving
building insulation, and reducing heat island effects in these vulnerable areas. Moreover,
it shows the need to prioritize social equity in urban climate adaptation and space cooling

policies.

5.1.3 Cooling Demand

The Hague's building stock has a significant cooling demand, with a peak cooling power
demand of approximately 1,431 MW. *® This drops significantly to 783 MW when
accounting for a 2% thermal discomfort tolerance. This demand is driven primarily by
heat gains through transmission, but internal heat gains, infiltration, and solar radiation

also contribute substantially.

48 Note that this is the cooling power demand, not the electrical power demand needed to fulfill

that cooling, which will be discussed in the following section.
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Aggregating these flows throughout the year, the total cooling demand at a 2% thermal
discomfort tolerance is 1,118 GWh.*? Comparing this to similar research, the EU Horizon
Hotmaps project estimates a total annual space cooling demand for The Hague of 400
GWh, three times lower than the findings of this research (The Hotmaps Team, 2021).
However, the Hotmaps estimate does not take the UHI effect into account, which, as seen
in the sensitivity analysis in section 4.3.1, is a large contributor to cooling demand, which
may explain the difference in outcomes (A. Miller, 2015). Removing the UHI effect from
the cooling demand model used in this research, the annual cooling demand is calculated
to be 358 GWh, on par with the Hotmaps results. This highlights the importance of
accounting for the UHI effect in cooling demand models and confirms the comparability

of results with external research.

The distribution of cooling demand intensities varies between office and residential
buildings, with offices’ cooling energy demand on average three times higher due to factors
such as a higher population density and appliance density. Thus, the theoretical cooling
demand intensity for offices 1s 115 kWh/m2, and 34 kWh/m? for residential buildings.
Under current market penetration rates (MPRs) of cooling devices, the intensity of
fulfilled cooling demand for office and residential buildings is 87 kWh/m?2 and 5.3 kWh/m?2,
respectively. In comparison, research on the transition to sustainable heating in The
Hague found that the average heating intensity of residential buildings in The Hague is
86 kWh/m? (de Boer et al., 2022). This indicates that in the Status Quo scenario, heating
demand is a more pressing concern than cooling (at least for residential buildings), which

1s reflected in current policy efforts.

The residential cooling energy demand of 34 kWh/m2, compared to a previous estimate of
16 kWh/m? for Dutch residences, shows a similar order of magnitude but still a notable
difference (Werner, 2016). This difference is likely due to the earlier study not accounting
for the UHI effect, emphasizing the need to consider UHI when assessing cooling energy

demands.

As seen in the building stock characteristics, older low rise residential buildings make up

most of the building stock, and they also have the worst average energy labels of all

49 A 2% thermal discomfort tolerance corresponds with capping the cooling energy and power

demand at the 98th percentile, as discussed in section 4.3.1.1.
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building types. In result, they account of most of the cooling demand, both in terms of
cooling energy and peak cooling power, likely due to their lower-than average thermal
insulation. This suggests that efforts in mitigating future cooling needs should be focused
on renovating or updating the large old low rise residential building stock to achieve

higher energy efficiency performance, which would, in turn, reduce cooling demands.

5.2 What are the Environmental Impacts of the Current Cooling

Demand in The Hague?

The environmental impacts of the current cooling demand were assessed by considering
various key factors, including electricity use, material demand, and greenhouse gas
(GHG) emissions. Impacts were analyzed in the context of different building types and

their relative contributions.

5.2.1 Electricity Use

The total cooling energy demand in The Hague is substantial, reaching 1,118 GWh per
year in the Status Quo scenario. However, only approximately 23% of demand is met by
cooling equipment, leaving a significant portion unmanaged. The other 77% of the cooling
energy demand (860 GWh), known as the 'cooling gap,' is not fulfilled, leading to thermal
discomfort. This highlights the need for measures to close the cooling gap through eco-
friendly cooling strategies to meet thermal comfort standards while avoiding a rise in
environmental impacts as much as possible. The cooling equipment stock currently used
for the 23% of cooling energy demand that is fulfilled consumes 101 GWh of electricity
annually, of which 32 GWh occurs in residences and 68 GWh in offices. In other words,
offices, making up just 13% of the floor area, drive 71% of The Hague's total current space
cooling energy consumption. This underscores, in the short term, the need to prioritize

cooling energy reduction efforts in offices rather than residential buildings.

The electrical power demand for space cooling of The Hague’s residential and office (RO)
building stock reaches a peak of 69 MW on hot summer days, which is roughly equivalent
to 27 windmills or 53% of the total installed capacity of the nearby Luchterduinen offshore
wind park (CBS, 2022d; Eneco, 2023).

The electricity demand for cooling varies significantly between building types, with offices
having a much higher electricity use intensity of 21 kWh/m?2 compared to 1.5 kWh/m? for

residential buildings. In comparison, the average total electricity intensity of residences
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in The Hague is estimated to be 83.3 kWh/ m? for offices,?° and 25 kWh/m?2 for residential
buildings (CBS, 2019a, 2022a, 2023b). Thus, based on findings of this research, space
cooling is responsible for 25% of the annual electricity consumption of offices, and 5.5% of
residential electricity use. In sum, space cooling makes up an average of 8% of electricity
consumption in the entire RO building stock of The Hague. While this figure is less than
half of the global average, which stood at 18.5% of total global electricity use in buildings
as of 2016, it is still a significant share of electricity demand (IEA, 2018a).

5.2.2 Material Demand

The combined mass of cooling equipment in The Hague's residences and offices totals
approximately 3,003 tonnes, roughly equivalent to the weight of 1,500 cars. This results
in an annual in- and outflow of 232 tonnes of cooling equipment, or 0.43 kg per person
(The Hague Municipality, 2023). This figure closely aligns with the 0.34 kg/year estimate
for waste space cooling equipment from Statistics Netherlands' Waste Over Time
algorithm, as employed in the Horizon 2020 ProSUM project (Huisman et al., 2017; van
Straalen et al., 2016).5! The same algorithm estimates the total amount of waste electrical
and electronic equipment (WEEE) generation to be 30.6 kg per person, putting waste
space cooling equipment at a 1% share of this total. This points to the importance of R-
strategies and lifetime extension programs for cooling equipment, to reduce the size and
relative environmental impacts of the in- and outflows of cooling equipment needed to

fulfill The Hague’s RO cooling demand.

This material use has environmental implications, namely annual abiotic resource
depletion of 58 kg Sb-eq, and a pressure on supply chains for scarce materials, with the
crustal scarcity indicator of the material footprint at 365 kt Si-eq/year. Moreover, thirteen
critical raw materials (CRMs) were identified with a presence of more than 1 part per
million (ppm) in the material footprint of the cooling equipment used in The Hague,

including coking coal, magnesium, and tantalum and nickel, and rare earth elements

50 This is the value for offices between 5,000 and 10,000 m2 in The Hague. The average floor space
of offices in The Hague (6,003 m?) falls within this range.

51 This is the sum of categories “0111 - Air Conditioners (household installed and portable)” and

“0112 - Other Cooling equipment”.
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(REEs). As with most WEEE, this also highlights the potential for urban mining in

discarded cooling equipment.

It 1s worth noting that material usage varies across different building types, with offices
having nine times higher material intensity than residential buildings, making it
imperative to focus on environmental impact reduction in office spaces, especially in the

short term.

5.2.3 Climate Change Impacts

The climate change impact of cooling in The Hague is the result of a combination of
factors, including electricity use, refrigerant leaks, and the above-mentioned material
requirements. The total annual GHG emissions from cooling amount to 48.8 kt COz-eq, or
89.4 kg CO2-eq per resident (The Hague Municipality, 2023). Considering that the average
Dutch person has a carbon footprint of approximately 13.6 tonnes COz-eq, the current
greenhouse gas (GHG) emissions of space cooling make up 0.7% of that annual footprint
(Koops et al., 2022). The majority of GHG emissions (88%) stem from electricity use, with
refrigerant leaks (10%), and production (2%) and waste treatment (0.1%) of cooling
equipment contributing to a lesser extent. The use-phase of cooling equipment accounts
for 98% of total GHG emissions. This isolates electricity use as the prime area for
environmental impact reduction, particularly in reference to offices, which have a GHG

intensity twelve times higher than that of residential buildings.

Overall, old low rise residential and office buildings emerge as primary contributors to
the environmental impacts. These building types arise as starting points for

environmental impact reduction and should be the focus of policies on space cooling.

5.3 How will the Cooling Demand and Environmental Impacts of

cooling in The Hague Evolve Until 2050?

In examining the environmental impacts of residential and office cooling in The Hague
across the 2030 and 2050 scenarios, several noteworthy findings and trends emerge.
These findings provide valuable insights into the evolution of environmental impacts and

underscore the need for targeted policies and strategies for sustainable cooling solutions.
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5.3.1 Cooling Demand

A consistent increase in cooling energy demand can be found across scenarios, indicating
that cooling will play a growing role in the city's energy consumption. In the 2030 scenario,
aligned with current trends and planned policies, cooling energy demand sees only a
marginal 0.8% rise, which can be attributed to the ongoing improvements in building
insulation and the adoption of higher energy efficiency standards. Looking ahead to 2050,
a more substantial increase in cooling energy demand is observed, ranging from 18% in
the 2050-M scenario to a striking 88% surge in the 2050-H scenario. In stark contrast, the
2050-L scenario stands out with a noteworthy reduction in both cooling energy demand
and peak cooling power demand when compared to the status quo. This is achieved
through stringent climate change mitigation and adaptation policies and the absence of
buildings with energy labels below C. This scenario highlights the substantial impact that
lies between laissez-faire and stringent policies, offering a pathway from a potential

doubling of cooling energy demand to a 12% reduction.

Surprisingly, peak cooling power demand tends to decrease, primarily due to factors such
as improved thermal insulation upgrades in renovated buildings, reducing extreme peak
demands on hot days. Furthermore, significant differences can be observed between
residential and office buildings. Offices maintain relatively stable cooling energy demand
intensities, while residential buildings experience substantial growth, especially in the
2050-H scenario. Due to the expected increase in residential buildings, cooling energy
demand from homes increases by an average of 13% by 2030 and 56% between 2020 to
2050.

Interestingly, these figures align closely with projections from the Netherlands
Organization for Applied Scientific Research (TNO), which anticipate a 13.5% increase of
residential cooling demand by 2030 and a 36.5% increase by 2050 (Rovers et al., 2021). It
1s worth noting, however, that the TNO projections pertain to two specific building types
and may not represent the entire building stock. Conversely, the office building stock is
likely to shrink, resulting in an average 13% reduction in total cooling energy demand
during the same period. These findings emphasize the need for future policies to prioritize

the up-and-coming residential cooling demand.
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5.3.2 Electricity Use

Electricity use results suggest that the growth in market penetration rates of cooling
equipment, especially in residential buildings, will play a pivotal role in narrowing the
cooling gap. This gap is projected to decrease substantially, from 77% in the status quo

(2020) to as low as 17% in the 2050-H scenario.

It is essential to highlight that electricity consumption is expected to rise in most
scenarios, reflecting the increased demand for cooling. By 2030, electricity usage from
cooling equipment is projected to increase by 28%, and this trend intensifies in the 2050-
H scenario, representing a business-as-usual scenario with minimal policy intervention,

where it grows four-fold to 419 GWh compared to the current 101 GWh.

In contrast, the 2050-L scenario stands out with a remarkable 34% reduction in electricity
consumption. Notably, this reduction occurs even as the cooling demand fulfillment rate
jumps from 23% to 62%, owing to significant enhancements in the average energy
efficiency of cooling equipment and a slight decrease in cooling energy demand. This
underlines the potential advantages of implementing stringent policies aimed at reducing

cooling demand and enhancing the energy efficiency of cooling equipment.

The disparity between residential and office buildings in electricity consumption intensity
is striking. Currently, residential buildings consume just a fraction of the electricity used
by offices, with a range of 1.5 to 21 kWh/m2. However, residential electricity consumption
intensity is projected to significantly increase in all scenarios, reaching up to 12.5 kWh/m?
by 2050, driven by a surge in cooling equipment usage. In contrast, office buildings
maintain a relatively stable intensity, ranging from 15 to 25 kWh/m? by 2050, due to their
already high cooling equipment MPR.

Projected building stock changes indicate a significant increase in residential cooling
electricity use across all scenarios. By 2030, it is expected to double to 71 GWh and surge
eleven-fold to 346 GWh in the 2050-H scenario. In stark contrast, the best-case scenario,
2050-L, shows only a slight increase in residential cooling electricity use, reaching 35
GWh. This figure is 90% lower than the business-as-usual case in 2050-H, underscoring
the profound impact of stringent policies. Meanwhile, total office electricity use declines
in all scenarios except 2050-H, never reaching more than 73 GWh. These projections
underscore the importance of policies over the next 25 years that prevent extreme growth
in electricity use for residential cooling and reduce the current cooling electricity
consumption in offices.
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Table 50: Residential cooling electricity use, and the share of total residential electricity
use and total residential energy use, across scenarios, using the same energy transition

models as in section 3.3.3.2 (Hammingh et al., 2021; Ouden et al., 2020; Zaccagnini et

al., 2023).
Scenario Cooling electricity use (GWh) Share of total electricity use Share of total energy use
SQ (2020) 32 6% 1%
2030 71 14% 3%
2050-L 35 5% 2%
2050-M 97 15% 6%
2050-H 346 66% 14%

Currently, residential cooling uses about 5.5% of total electricity demand and 1% of
overall energy demand in The Hague residences (RVO, 2020). However, Table 50 shows
that by 2030, these figures could rise to 14% and 3% respectively. By 2050, the highest
scenario (2050-H) anticipates cooling to consume 66% of residential electricity and 14% of
total residential energy. These figures, derived from section 3.3.3.2's energy models,
underscore the escalating role of space cooling in The Hague, stressing the need for

proactive energy and environmental strategies.

5.3.3 Material Use

Rising cooling demand and market penetration significantly impact material needs. All
scenarios predict an increase in material demand for cooling equipment, with the 2050-H
scenario tripling from current levels. This trend brings environmental concerns, especially

around resource depletion.

The residential sector is set to see a significant rise in material demand intensity,
especially when compared to the office sector. This surge is largely attributed to the
expected increase in the MPR of cooling equipment in homes. By 2030, the yearly per
capita WEEE generation from cooling devices is projected to rise from 0.43 kg to 0.6 kg,
reaching 1.1-1.2 kg by 2050. This means that by 2050, cooling equipment could account
for 4% of total WEEE generation, up from 1% today, assuming WEEE generation remains
stable (Huisman et al., 2017; van Straalen et al., 2016). Additionally, the potential for
urban mining of CRMs is likely to increase due to a larger cooling equipment stock and a
possible rise in CRM concentration in cooling equipment, stemming from a more intricate

supply chain and end-product.
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5.3.4 Climate Change Impacts

The study examines climate change impacts resulting from various factors, including
electricity use, refrigerant leaks, and the production and end-of-life phases of cooling
equipment. The findings suggest a general reduction in climate change impacts in most
cases. The optimistic 2050-L scenario projects a 90% emission reduction, driven by grid
decarbonization and improved refrigerant practices. In contrast, the 2050-H scenario
predicts a 71% increase, attributed to stalled green initiatives and an exponential rise in

cooling demands.

Notably, the GHG emissions of space cooling vary between residential and office
buildings. While the total GHG emissions from offices are expected to drop with 58%—96%
by 2050, residential buildings are projected to experience lower reductions, and even a
four-fold increase in the 2050-H scenario. This trend underscores the importance of
targeted interventions for residential buildings. The overarching narrative suggests that
while advancements in renewable energy and cooling technologies can significantly
mitigate GHG emissions, any stagnation in these areas can lead to detrimental outcomes,
emphasizing the critical role of policy and technological innovation in shaping future

climate impacts.

In assessing GHG emission contributors, electricity consistently stands out as the primary
source, except for the 2050-L scenario. Its central role highlights the potential of grid
decarbonization as a strategy to offset the anticipated increase in cooling equipment
MPRs. In the Status Quo scenario, electricity accounts for 88% of emissions. This share
reduces in subsequent scenarios due to advancements in grid efficiency and an expanding
cooling equipment inventory. By 2050-L, emissions from equipment production and end-
of-life phases become dominant, holding a 59% share. This shift emphasizes the
importance of policies addressing the life-cycle impacts of cooling equipment. Nonetheless,
electricity's role remains significant, contributing 41% to 80% of emissions in 2050

scenarios.

Table 51 shows the projected GHG emissions from RO cooling compared to the 2020
estimate of The Hague’s total carbon footprint, and the targeted 49% and 95% reductions
from 1990 levels as described in the Klimaatakkoord (Klimaatakkoord, 2019; The Hague
Municipality, 2021b).
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Table 51: Projected GHG emissions from RO cooling compared to the total aspired
carbon footprint of The Hague, across scenarios.

GHG emissions from The Hague's targeted carbon % of RO cooling in

Scenario RO cooling (kt CO2-eq) footprint (kt COz2-eq) targeted footprint
SQ (2020) 48.8 1,590 3.1%
2030 25.1 1,274 2.0%
2050 L 4.7 125 3.8%
2050 M 9.3 125 7.5%
2050 H 83.6 125 67%

In 2020, RO cooling emissions in The Hague accounted for 48.8 kt COzeq, or 3.1% of the
city's total carbon footprint of 1,590 kt CO2-eq (The Hague Municipality, 2021b). By 2030,
projections show a promising 49% reduction to 25.1 kt COzeq, aligning with the Paris
Agreement and Klimaatakkoord's goals. The 2050-L scenario further reduces emissions
to 4.7 kt COzeq, again aligning well with the net zero by 2050 goals. However, the 2050-
H scenario predicts a concerning rise to 83.6 kt COzeq, or 67% of The Hague's permissible
carbon footprint under the Klimaatakkoord. These figures highlight the challenges posed
by space cooling and the need for strategic interventions to ensure The Hague's

sustainable future.

5.4 Policy Recommendations

The following recommendations can be given to minimize the projected environmental

impacts of the future cooling demand of residential and office buildings in The Hague.

5.4.1 Reduce Cooling Demand Through Building-Level Measures

Incentivize effective renovations in two ways. Incentivize building owners to renovate
and retrofit residential buildings through financial subsidies and tax breaks, with
a focus on older low-rise residential buildings which currently have the highest cooling
demand. Introduce more stringent energy regulation for renovations. Currently,
new buildings are required to adhere to stringent energy performance rules. However,
most of the activity in the building sector takes place in the form of renovations, which do
not have a minimum energy performance standard. This is especially pertinent for older

(low-rise) residential buildings, which have the lowest energy labels.

Support, monitor, and enforce energy label standards for buildings. A 30% of offices

currently fail to adhere to the energy label requirement of C or above, the majority of
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which are mid-sized office. Providing support through renovation guidelines (as
mentioned above) and financial incentives may improve compliance. In addition,
monitoring of energy label standard adherence and subsequent enforcement
through penalties may be needed to ensure improvements in building energy efficiencies
to lower cooling demand. This will be particularly important for rented residential

buildings, which must exceed energy label E by 2030 (NOS, 2022).

5.4.2 Reduce Cooling Demand Through Changes in the Urban

Environment

The cooling demand can further be reduced by changes in the urban environment,
specifically addressing the UHI effect, which is a major contributor to current and future

cooling demand in The Hague (refer to section 4.3.1.4).

Cooling demand can further be reduced by intensifying the use of urban design
strategies to mitigate the UHI effect, a major contributor to The Hague's cooling demand
(see section 4.3.1.4). These design strategies include urban greening (green roofs, parks,
gardens, tree-lined streets), water features, low-albedo building materials, building
orientation, and shading optimization (details in section 2.2.2). The UHI effect is
particularly severe in poor, densely populated neighborhoods in The Hague (see section
4.1.1.5), necessitating focused mitigation efforts in these areas. Policies must consider
financial accessibility for cooling equipment and thermal mitigation strategies.
For instance, The Hague municipality offers subsidies of up to 50% for green roofs (The
Hague Municipality, 2023). However, these subsidies may not reach the neighborhoods
that need them most. Implementing a sliding scale approach or similar measures can

promote environmental justice and alleviate heat stress across all areas.

Furthermore, while research on the UHI effect in the Netherlands exists, it relies on
Europe-wide assumptions rather than empirical microclimate measurements (RIVM,
Atlas Natuurlijk Kapitaal, 2017). To better understand the UHI effect and monitor policy
effectiveness, further (empirical) research on the spatial and temporal variations

of the UHI effect in The Hague is essential.

5.4.3 Reduce Cooling Demand Through Thermal Comfort Standards

Adjusting thermal comfort expectations is more challenging in terms of lowering them
(i.e., broadening and shifting the comfort ranges upward in summer) than raising them
(de Dear et al., 2020). However, there is a reciprocal relationship between policy and the
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societal acceptance of thermal comfort ranges. Shifting policy to endorse higher
recommended temperature ranges can lead to gradual adaptation within certain limits,
resulting in their eventual societal acceptance. It is recommended to incorporate a
higher effective cooling temperature (the upper limit of indoor thermal comfort) in
office policies and residential recommendations. For instance, adopting the Spanish
government's requirement of 27 °C instead of the earlier 25 °C (Jones, 2022), could reduce
material impacts by 15% and cut electricity and GHG emissions by 25%, as by section
4.3.1.2. Conversely, Figure 92 illustrates that the absence of policies on recommended
effective cooling temperatures, exemplified by a shift from 25 °C to a self-reported average
preference of 20 °C from the TNO study, leads to a doubling in electricity demand and
GHG emissions (Rovers et al., 2021).

Furthermore, it is recommended to implement adaptive temperature strategies in
offices and promote them in residential buildings. This approach can lead to substantial
energy savings, up to 50%, compared to fixed cooling temperature settings (Albatayneh et
al., 2019; Yang et al., 2014). Furthermore, studies on machine learning-based adaptive
thermal comfort systems show that energy reduction can coexist with improved thermal

comfort (Gao et al., 2020).

In addition to advocating for adaptive cooling temperature strategies, it is important to
promote thermal adaptation behavior more broadly to minimize the reliance on

active cooling equipment. Thermal adaptation can be achieved through various means

(Liu et al., 2014). These include:

e Personalized regulation devices, like fans, represent an effective solution,
especially in offices (Rupp et al., 2015).

¢ Clothing adjustment can be an effective means of thermal adaptation.
e Consuming cold beverages can help individuals manage their thermal comfort.

e Adjusting activity levels to match environmental conditions can contribute to
thermal adaptation.

e The use of shading devices such as curtains or blinds can help control indoor
temperatures.

It 1s worth noting that some of these adaptation strategies have already been integrated

into The Hague's heat plan (The Hague Municipality, 2021a).
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The sensitivity analysis on the cooling demand cap percentile in section 4.3.1.1. provides
insights into thermal discomfort tolerance, a factor that can be improved through
alternative cooling strategies and the promotion of thermal adaptation behavior. It is vital
to allow for some thermal discomfort to reduce environmental impacts. A shift from
covering 100% to 99% of the cooling demand hours decreases material demand by at least
10%. Secondly, the optimal cooling demand cap percentile for minimal environmental
impact is around 97%, avoiding full-blast cooling during the hottest 3% of the year while
maintaining reasonable thermal comfort for most of the year. Policy should emphasize
some expected thermal discomfort, encourage active cooling equipment for baseline

comfort, and promote alternative strategies on the hottest days.

Please note that the choice of the cooling demand cap percentile minimally affects cooling
energy demand but significantly reduces peak power demand and required installation
size, as seen in Figure 91. In the Status Quo scenario, electricity use dominates climate
impact (88% of total GHG emissions), making the choice of cooling demand cap percentile
less critical. However, in future scenarios with a lower carbon-intensive grid, the
proportion of GHG emissions linked to cooling equipment size increases, heightening the

importance of the cooling demand cap percentile, i.e. the thermal discomfort tolerance.

5.4.4 Cooling Gap Reduction

In The Hague, 77% of cooling demand goes unmet, leading to heat stress and discomfort
for residents. Low-income neighborhoods in the city center, shown in Figure 59, face
heightened UHI effects and heat stress, but financial constraints prevent their residents
from acquiring adequate cooling equipment. As, discussed in section 2.4.2.2, even when
they invest in cooling equipment, it is often less efficient, contributing to greater
environmental impact. To combat cooling inequality and enhance thermal comfort,

particularly for vulnerable households, two policy measures are proposed:

Implementing a carbon or circular economy tax at the national or international level
that factors in the externalities associated with low-efficiency and cheaper cooling

equipment. While some forms of carbon taxes exist at the EU level (EU ETS and more
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recently CBAM), 52 they do not comprehensively account for environmental impacts
related to complex goods like cooling equipment. A well-designed tax should fully price in
these externalities, making high-impact cooling technologies more expensive and

generating revenue for public funds, which can be used for the next recommended policy.

Introduce sliding-scale subsidies for low-impact cooling solutions. Currently, there
are no subsidies for cooling equipment,5? and existing green subsidies predominantly
benefit wealthy households due to eligibility criteria demanding substantial initial capital
and property ownership. Sliding-scale subsidies would help lower-income households
overcome the initial cost barrier, encouraging the adoption of energy-efficient cooling
equipment. This approach promotes environmental responsibility more equitably than
existing subsidies and would make low-impact cooling solutions more accessible in areas
with the highest cooling demand, ultimately reducing the cooling gap and addressing

climate injustice.

52 The Emissions Trading System (ETS) is a market-based approach designed to reduce greenhouse
gas emissions by setting a cap on total emissions and allowing companies to trade emission
allowances, encouraging more efficient emission reductions (Dechezleprétre et al., 2023). However,
most cooling equipment is manufactured outside the EU, which means emissions produced during
production are not subject to ETS pricing. The European Union has recently introduced the Carbon
Border Adjustment Mechanism (CBAM), a policy that imposes carbon tariffs on select carbon-
intensive imports (Establishing a Carbon Border Adjustment Mechanism, 2023). CBAM aims to
curb the relocation of companies to countries with less stringent carbon regulations, known as
carbon leakage. CBAM, an important part of the European Green Deal, will come into effect in
2026, with reporting starting in 2023. While CBAM currently targets six sectors, including
aluminum, cement, iron and steel, electricity, hydrogen, and fertilizers, it does not yet cover many
products, including complex goods like air conditioners, with uncertainty about their future
inclusion in the CBAM framework. Moreover, use-phase emissions resulting from poor energy

efficiency are not addressed by either EU ETS or CBAM and require separate policy measures.

53 While there are subsidies in place for heat pumps and building insulation, these are focused on
reducing-heating-related environmental impacts. There are no subsidies specifically focused on

reducing the impacts of space cooling.
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5.4.5 Reduce Cooling-related Energy Use in Buildings

The sensitivity analysis in section 4.3.1.5 emphasizes the importance of energy efficiency
in reducing cooling-related energy consumption and GHG emissions. Energy efficiency
improvements alone cause a 37% drop in GHG emissions from RO cooling in the 2050-L
scenario. This highlights the need for policies promoting energy-efficient cooling

systems, which offer both energy savings and a lower climate change impact.

Strengthening minimum energy performance standards (MEPSs) is a highly
effective strategy for improving energy efficiency of cooling equipment (UNEP & IEA,
2020). By enforcing stricter MEPS, manufacturers are compelled to improve baseline
energy efficiency and innovate to achieve higher efficiency ceilings. Financial incentives
for high-efficiency cooling equipment, such as rebates and tax deductions, can further
encourage the adoption of technologies with high seasonal energy efficiency ratios
(SEERSs). As shown in Figure 9, Europe's cooling equipment efficiency is half of the top-
tier standards. By elevating the average SEER from 5 to the current best of 11, energy
consumption could be reduced by 53% and GHG emissions by 44%.

Promoting reversible heat pumps over portable and split-type ACs 1s recommended.
Section 4.3.1.7 indicates that heat pumps surpass these ACs in energy efficiency. While
they come with higher material demand, subsidies for heat pumps are still advisable,
especially given their dual functionality for both cooling and heating. Given the higher
costs of heat pumps compared to traditional ACs, a sliding scale subsidy for heat pumps

1s recommended to ensure equitable access.

Lastly, it is essential to highlight the advantages of passive cooling. It not only delays the
need for active systems but also, when active cooling is necessary, reduces their energy
consumption. Therefore, promoting passive cooling technologies serves both

environmental and economic interests.

5.4.6 Minimize the Material Impacts of Cooling Equipment

To reduce the material impacts of residential and office cooling, it is recommended that a
circular economy approach in cooling equipment production, use, and disposal

is promoted.

Minimizing the material footprint in the production phase can be achieved by enhancing

the material-to-power ratio, defined as kg of product per kW of power, through the
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establishment of robust material efficiency standards. It is also recommended to limit
the use of critical raw materials (CRMs) and other materials that are scarce or have
significant environmental implications, where technologically possible. The integration
of R-strategies in the production phase, such as incorporating recycled materials and
refurbished components, can further lower the material footprint. These strategies often
align with reduced GHG emissions compared to traditional production methods.
Additionally, adopting low-carbon production techniques, like utilizing low-carbon
steel and renewable energy sources, can further minimize the climate change impact of

cooling equipment.

The focus in the use phase should be on extending the equipment's lifespan. Support
for reuse, repair, and refurbishment initiatives is essential, for example through
community-led activities like repair cafes. Refurbishment, and remanufacturing
programs by original equipment manufacturers (OEMs) are also important. Finally,
sharing of information on DIY maintenance and repair can further enhance equipment

longevity.

In the disposal phase, the focus is on waste impact reduction. Proper waste electrical
and electronic equipment (WEEE) management is essential to prevent avoidable
refrigerant leaks and address e-waste challenges. This ensures cooling devices and their
CRMs maintain value in the circular economy. These strategies might also help in

reducing greenhouse gas emissions during disposal.

5.4.7 Reduce Greenhouse Gas Emissions from Cooling

Beyond the GHG emission reductions achieved through more circular production and end-
of-life practices, there are additional avenues to further lower the carbon footprint of

residential and office cooling:

Decarbonizing the electricity grid can drastically cut GHG emissions from space
cooling. Section 4.3.1.6 shows a potential 80% reduction with a move to carbon neutral
electricity. While The Hague lacks direct control over carbon efficiency, it can advocate

for low-carbon electricity in homes and offices, aiding in citywide emission reductions.

Promotion of low global warming potential (GWP) refrigerants, such as COsg,
propane, water, and R-1234yf can further curtail GHG emissions from space cooling.
However, it 1s important to consider their broader environmental impacts, such as ozone

depletion potential and ecotoxicity, and how they might affect energy efficiency.
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Strengthening regulations to limit refrigerant leakages, aiming for a maximum leakage
rate of 1% of the charge annually, is essential. Regular maintenance to prevent such leaks

should also be emphasized.

5.4.8 Increase Public Awareness of the Environmental Impacts of

Cooling

To ensure residents and office occupants in The Hague actively engage in the
recommended improvements—like buying energy-efficient cooling systems, setting
optimal cooling temperatures, and adopting renewable energy—it is necessary to cultivate
a culture of pro-environmental behavior regarding space cooling. This can be done in

multiple ways.

Social norm interventions leverage societal expectations and peer behaviors to
influence individual actions, and have been shown to be effective in promoting pro-
environmental behavior. (Farrow et al., 2017; Spandagos et al., 2021). Furthermore,
promoting environmental education, i.e. teaching people about the environmental
consequences of their actions, can guide them towards greener choices (Nguyen et al.,
2017; Varela-Candamio et al., 2018). Finally, creating greener built environments can
boost environmental awareness and encourage sustainable behavior (Xie et al., 2020).
This strategy aligns well with the policy recommendations on mitigating the UHI effect

presented in section 5.4.2.

However, while environmental awareness is important, factors like cost and ease of use
often take precedence for most individuals (Gadenne et al., 2011; Osunmuyiwa et al.,
2020). Therefore, a holistic approach that combines environmental education,
community-driven social norm interventions, and economic incentives is the
most likely effectively steer people towards eco-friendly cooling equipment choices and

practices.

5.4.9 Address Future Space Cooling Demand in Planning and
Policymaking

The increasing need for space cooling and its potential environmental impacts highlights
a policy gap, as current emphasis in local and national policy is on space heating. To build
climate-resilient cities, it is vital to incorporate space cooling and its environmental

impacts in climate and energy policy. Policymakers should act now, integrating the
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suggested recommendations before market trends set cooling preferences, avoiding

further environmental issues.

A cohesive strategy should merge space cooling with sustainable heating measures.
Reversible heat pumps, which efficiently cater to both heating and cooling needs, are a
prime example. As shown in Table 34, current heating plans for The Hague suggest that
8% of homes should rely on heat pumps, 49% on heat districts, with the remaining 43%
yet to be decided. This research recommends reversible heat pumps for the 8% and urges
consideration of the dual benefits of reversible heat pumps for the remaining 43%.

Homes on heat districts will need separate cooling solutions.

5.5 Limitations of the Research and Recommendations for

Further Research

This section presents a discussion of the methodological limitations of the research scope,
the data collection, and modeling choices, as well as recommendations for further

research.

5.5.1 Research Scope

5.5.1.1 Temporal Scope

The temporal scope of the research involves a relatively short and recent reference period
spanning five years (2018-2022) in the status quo scenario. This choice was made to
manage algorithmic computing complexity and model runtime. However, aligning the
reference period with the KNMI weather projections, covering the years 1981 to 2010, is
recommended to enhance the robustness of the status quo assessment and facilitate

integration with KNMI climate scenarios (Attema et al., 2014).

For future scenarios, the current analysis 1s limited to two years, specifically 2030 and
2050, due to data availability constraints for other years. To provide more specific insights
into the environmental impacts of cooling, it is advisable to extend the analysis to include
additional years, such as 2040, and expand the scenarios until 2085 to align with the
KNMI climate projections and gain more insights in the long-term evolution of space

cooling and its environmental impacts.
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5.5.1.2 Spatial Scope

The spatial scope of the research is centered on The Hague as a case study, limiting
insights into variations between urbanization levels and potential cooling demand hot
spots in the Netherlands. To overcome the current computational limitations, which
would mean a model runtime of several hours for an analysis on the scale of the
Netherlands, optimization and expansion of the model are required. This would enable its

application to any region in the Netherlands, based on any subset of the BAG database.

5.5.1.3 Technological Scope

Concerning the technological scope related to buildings, the current analysis includes the
estimation of cooling demand and environmental impacts for residential and office
buildings, given their majority share in the building stock floor space. Nevertheless,
significant cooling demands may exist for other building types, such as utility buildings
like supermarkets and industrial sites. Therefore, it i1s suggested that the research be
expanded to encompass impacts from commercial, public, and industrial buildings. This
expansion will provide a more comprehensive understanding of their cooling demand and

their comparison to residential and office buildings.

Additionally, cooling demand and environmental impacts are currently calculated at the
building level, neglecting variations within buildings. It is likely that higher floors have
higher cooling demands than average, due to the fact thot hot air rises to the top of
buildings through convection. Even if overall building conditions do not necessitate active
cooling, there could be demand from the top floors. Therefore, it is advisable to enhance
the model's granularity by extending it to a floor-level analysis to gain a better

understanding of cooling demand and its environmental impacts.

As for cooling technologies, only the most prevalent active cooling technologies were
included (heat pumps, chillers, split ACs and portable ACs) in the current model due to
data limitations, excluding technologies like radiant cooling or district cooling. Further
research is recommended to gain insights into the trade-offs between traditional active

cooling methods and emerging alternatives.

Passive cooling technologies, such as phase-change materials and night ventilation, were
also omitted from the analysis due to the necessity for dynamic modeling, which involves
accounting for the time-lag effects of thermal mass as it absorbs and releases heat over

several hours. These dynamic effects are not accommodated by the static hourly energy
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balance-based thermodynamic model employed in this research. The omission of these
dynamic aspects might also result in an overestimation of cooling demand, particularly in
heavy buildings (van Bueren et al., 2012). To address this overestimation and enable the
inclusion of passive cooling technologies, which could yield valuable insights into the
environmental trade-offs between active and passive cooling methods, it is recommended
that dynamic modeling of heat flows, including heat retention within the building, be
undertaken. Dynamic modeling can be accomplished using software such as EnergyPlus

(National Renewable Energy Laboratory, 2023).

Finally, several niche-level alternative cooling technologies exist, including adsorption
and absorption cooling, magnetic cooling, and transcritical COz cooling (Braungardt et al.,
2018; Brown & Domanski, 2014). While these technologies were not explored in this study
due to their limited use in residential and office cooling and the scarcity of data on their
application and environmental impacts, a future investigation into their potential

applications and environmental implications could be of significant value.

5.5.1.4 Impact Scope

The analysis in this research solely quantifies GHG emissions, electricity consumption,
and material demand stemming from space cooling needs, with the exclusion of factors
such as ozone depletion potential (ODP) and ecotoxicity. This omission is attributed to the
limited availability of LCA data pertaining to cooling technologies. To enhance the
comprehensiveness of the assessment and gain a more detailed understanding of the
evolving environmental consequences of space cooling, as well as to identify precise trade-
offs among cooling technologies and mitigation approaches, it is recommended that the
assessment be extended with additional environmental impact categories. This could be
realized by conducting an LCA on the predominant and most likely future cooling
technologies, including passive cooling solutions like phase-change materials. This can

also address two other limitations in this research:

The current model uses life cycle inventories (LCIs) of "ventilation system" processes from
ecoinvent as a proxy for the production and end-of-life impacts for all cooling equipment
due to the scarcity of specific data for these devices. This neglects material differences
between different cooling technologies and hinders the ability to gain insights in the
differences in their environmental performance and potential trade-offs between
technologies. Additionally, the LCI data used in the model is outdated, dating back to

2003, and conducting an LCA would provide a more up-to-date assessment of modern
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cooling technologies, which are suspected to have a different material make up (e.g., they
may contain more CRMs due to a higher concentration of integrated circuits). This may
involve collaboration with manufacturers or industry associations, teardown analyses of
cooling devices, or the utilization of machine learning techniques to predict bill of

materials from publicly available data and product specifications.

Additionally, the current model assumes constant production and end-of-life impacts for
cooling technologies across scenarios. However, it is likely that these impacts will change,
such as the anticipated decarbonization of energy sources in the production phase
resulting in lower GHG emissions. To address this limitation, conducting ex-ante LCAs
on existing and emerging cooling technologies is suggested. Exploring methodologies such
as technology forecasting and scenario analysis could prove beneficial in developing

dynamic and flexible models of cooling device evolution.

5.5.2 Data Collection

The climate projections for future scenarios are reliant upon the latest available climate
projections provided by KNMI, last updated in 2014, thus rendering them somewhat
outdated. To enhance the accuracy of projected cooling demand and its associated
environmental impacts, it is suggested that the model be updated using the forthcoming
Climate scenarios from KNMI, slated for release in October 2023, offering more up-to-

date climate projections.

Secondly, the currently used energy label data is limited in complexity, using a ranking
system between G and A+++++. Moreover, a significant portion of buildings lack this data,
hindering the estimation of their thermal insulation properties. However, the 2023
introduction of the Dutch technical agreement (NTA) 8800 standard has improved energy
label calculations, including heat and cooling demand profiles (NEN, 2023). With stricter
regulations, it is expected that more buildings will have energy labels in the future.
Integrating this updated data into the model can enhance the understanding of cooling

impacts and expand its applicability beyond The Hague.

Another potential source of uncertainty within the model stems from certain cooling
technology parameters, including mass per unit, refrigerant charge, and cooling
installation power, which are currently based on singular proxy products for each cooling
technology category. This singular representation may introduce significant variability in

the related results, such as material demand and associated environmental impacts (ADP
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and CSI), as well as refrigerant related GHG emissions. Consequently, it is strongly
recommended to establish a comprehensive library of cooling equipment, ideally
encompassing a minimum of five models per category. This approach will enable a more
accurate representation of the diverse equipment available in the market, thereby

enhancing the reliability of the model's outputs.

The determination of the MPR for cooling technologies, along with the breakdown of MPR
among different cooling technologies, known as the cooling technology mix, relied solely
on a singular source: the 2021 TNO survey source (Rovers et al., 2021). This singular data
source presents a substantial source of uncertainty within the model, as the total MPR
and specific cooling technology mix ultimately determines the environmental impacts of
the cooling demand. It is therefore recommended to conduct in-depth market and
econometric research specific to cooling equipment within the Netherlands. Optionally,
surveys could be employed to gather relevant data. Additionally, it is recommended to
incorporate neighborhood-specific projections for future heating solutions published by
The Hague municipality (de Boer et al., 2022). considering that buildings equipped with
heat pumps will likely employ heat pumps for cooling as well, while those in regions with

heat districts may require the installation of separate cooling technologies.

Several input parameters, assumed to remain constant throughout this research, might
exhibit significant variability over time. Notables are the makeup of the building stock
and the carbon intensity of the grid. Given that the building stock forms the bedrock of
the entire model, and the overall GHG emissions are significantly dependent on grid
carbon intensity, this modeling choice can have a substantial influence on the calculated
environmental impacts. This influence becomes more pronounced when extending the
timespan of the reference scenario — which currently spans 5 years — to 10 or even 30
years, aligning with the KNMI climate reference periods. To enhance the model's
precision in this regard, it is recommended to integrate annual building stock data from
the BAG and yearly carbon intensity data sourced from Statistics Netherlands (CBS)
(CBS, 2023d).

Furthermore, upstream (scope 3) emissions associated with electricity production have

been assumed to remain static across future scenarios. These emissions are expected to

decrease as the global electricity production supply chain decarbonizes. Addressing this

complexity requires the implementation of more intricate system modeling techniques.

This can be achieved through the use of prospective LCA models in combination with

integrated assessment model (IAM) frameworks such as IMAGE (Stehfest et al., 2014).
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Tools like Premise or ECOPT can potentially be used to streamline this process (Hung et

al., 2022; Sacchi et al., 2022).

5.5.3 Modeling Choices

The weather series used in future scenarios of the current model are generated via the
addition of static temperature and solar radiation enhancements to the reference (2018—
2022) weather series. Seasonal temperature and solar radiation increases are considered,
but changes in weather patterns, such as increased heatwaves, are not accounted for.
Despite the alignment between the projected Cooling Degree Days (CDD) increase by
KNMI and the temperature series derived from the seasonal temperature adjustments in
the current model, further investigation is required to explore the possibility of modeling
more realistic future weather series that incorporate changes attributed to climate

change.

Within the model, the daytime UHI effect — equivalent to that of a hot summer's day at
8.3 °C —is assumed to be constant throughout the year. As mentioned in section 4.3.1.4,
this assumption holds substantial influence on the model's outcomes, as it may overstate
cooling demand on moderately warm days. To enhance accuracy, it is recommended to

employ more variable data, both spatially and temporally.

Spatially, available data, such as the UHI map from the National Institute for Public
Health and Environment (Atlas Natuurlijk Kapitaal, 2017), can be used for a more
granular consideration of the UHI effect. Temporally, the adoption of a more advanced
UHI model, assessing UHI effects on a seasonal or even hourly basis, is advisable. Two
potentially useful models for this purpose include the UrbClim model (de Ridder et al.,
2015), also employed in the current RIVM UHI maps, and the highly granular Physical
Equivalent Temperature (PET) urban heat model, designed with future scenario
development in mind (Koopmans et al., 2020). Implementing these models may increase
the robustness of future UHI effect projections. Finally, the current model does not include
the UHI effect on subsurface temperatures due to the unavailability of local data. Future
research could explore the inclusion of this factor, as an advanced GIS-based model for

the Subsurface UHI effect has recently been established (Schweighofer et al., 2021).

Another critical input parameter is the effective cooling temperature. The current model
assumes a constant value throughout the year across all building types. A more accurate

representation might involve specifying adjustments of the effective cooling temperature
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based on building types (e.g., offices might necessitate lower indoor temperatures than
residential buildings). Moreover, it could be beneficial to model the effective cooling
temperature dynamically by incorporating adaptive thermal comfort ranges into the
model, for example using the thermofeel Python library (Brimicombe et al., 2022). This
approach, founded on research into weather-dependent comfort ratings, can enhance

model realism.

Furthermore, each building is modeled as an isolated entity in the current research, not
accounting for the fact that most buildings in The Hague are interconnected or closely
situated. This oversight impacts a building's thermal balance through the omission of
transmission heat flows between buildings and shading effects from neighboring
structures. It is recommended that the magnitude of such effects be investigated,
especially when incorporating the dynamic time-lag effects of thermal mass are to be

included in the model.

Moreover, in this analysis, the energy efficiency of cooling equipment was assumed to be
constant throughout the year. However, it should be noted that in real-world conditions,
the efficiency of cooling equipment often diminishes at higher temperatures. This factor
was not considered in the model, potentially leading to an underestimation of the total

electricity demand and related environmental impacts.

Additionally, a single refrigerant is currently assumed for the entire cooling equipment
stock. However, it may be advantageous to incorporate refrigerant mixes for each device
type, for example the ones projected by (Mota-Babiloni & Makhnatch, 2021). Additionally,
the model does not consider how refrigerant choice might affect the energy efficiency of
cooling equipment. This becomes particularly important when assessing natural
refrigerants, which could potentially counteract their positive environmental attributes
(e.g., low GWP and ODP) with adverse impacts on energy efficiency. Exploring these

aspects is recommended for further research.

Lastly, it is important to acknowledge the absence of a formal uncertainty analysis in this
complex model. The intricacies of the model and extensive amount of input data, including
weather data and other time series (each containing 43,800 hourly values across 5 years)
and over 150 other parameters, make quantifying the uncertainty in the cooling demand
and environmental results challenging. However, the sensitivity analyses and four future

scenarios provide insights into the potential variability of results across varying
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conditions. Conducting a comprehensive uncertainty analysis in future research is

recommended to enhance model reliability.

5.5.4 Additional Recommendations for Further Research

Expanding the current model and conducting a similar analysis (evaluating the cooling
energy demand and its environmental impacts) of combined heating and cooling solutions,
such as reversible heat pumps, aquifer thermal energy storage (ATES), and the
integration of data centers, supermarkets, and industrial facilities into local heating and
cooling grids, should be considered. The objective would be to identify optimal climate
control solutions that balance heating and cooling demands while minimizing
environmental impacts. This endeavor could integrate neighborhood-specific projections
for future heating solutions, as published by The Hague municipality (de Boer et al.,
2022). Furthermore, it may be beneficial to expand this research with cost-benefit and
stakeholder analyses to assess the relative impacts of combined heating and cooling

strategies compared to separate measures for meeting cooling and heating needs.

Furthermore, the current model treats the local environment as an infinite heat source
and lacks the capability to predict the local thermodynamic impacts resulting from
projected rise of cooling equipment usage. To address this, it is recommended that a
thermodynamic model that accounts for the interactions between buildings and the local
external environment is developed. Such a model can shed light on the local feedback loop
between heat stress and cooling demand, elucidated in Figure 3. This feedback loop entails
that a hot external environment prompts the activation of cooling equipment, which
subsequently transfers excess heat into the local environment, further elevating local
outdoor temperatures and increasing the demand for cooling. Properly modeling the local
environment and its interactions with buildings would enable the incorporation of this

feedback loop and quantitative measurement of its strength and impacts.

For scenario modeling, the potential for double counting effects exists because the
interactions between drivers have not been fully mapped. Significant rebound effects or
other secondary feedback loops could impact the final environmental outcomes of cooling
drivers. Therefore, it is recommended to conduct a more comprehensive exploration of the

system dynamics involved in space cooling development.

Finally, to enhance replicability and communicability, it is recommended to manage

model input data and results more effectively using for example SEED, an open-source
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software designed for managing data on the energy performance of large groups of
buildings (Long et al., 2023). This approach can also potentially allow the transformation

of the model into a web application for wider accessibility and usability.
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6 Conclusions

Despite its historically temperate climate, The Hague is subject to rising temperatures
and increasingly frequent heatwaves, escalating the demand for space cooling. The
demand is expected to grow significantly in the coming decades, yet there is a noticeable
gap in research and preparations to address this demand in an environmentally and
socially sustainable way. While studies have been conducted on the environmental
impacts of residential heating in the Netherlands, similar studies for cooling are lacking.
Furthermore, while The Hague municipality has implemented policy measures towards a

sustainable heating transition, sustainable cooling policies are absent.

This study addressed these gaps by projecting cooling demand and the resulting energy
use, material demand, and greenhouse gas emissions in The Hague using a bottom-up
building-level approach. Using BAG geospatial data along with recent weather data and
future climate scenarios from KNMI, the study calculated indoor cooling demand profiles
for each residential and office building through a static thermodynamic model developed
in Python. These profiles, combined with the estimated cooling technology mix in each
building, were used to determine the related energy consumption, material demand, and
GHG emissions. It is important to note, that the study focused on six active cooling
technologies, excluding passive cooling methods due to the complexities involved in
dynamic modeling. This omission limits the ability to evaluate the benefits of passive
cooling solutions compared to conventional AC systems. This limitation could also lead to
an overestimation of cooling needs, especially in thermally massive buildings, as the

model does not account of the dynamic time-lag effects of heat retention in such buildings.

Projections were modeled for the status quo (2020), 2030, and three scenarios in 2050
representing low, medium, and high environmental impacts, based on the level of
interventions taken. These projections, combined with the literature review in Chapter 2,

informed the answers to the following research questions:

RQ 1: What is the current cooling demand in residential and office

buildings in The Hague?

In The Hague, the current cooling demand in residential and office buildings peaks at
about 1,431 MW, reducing to 783 MW with a 2% thermal discomfort tolerance. Annually,
the city's cooling energy demand is 1,118 GWh, significantly exceeding the EU Horizon
Hotmaps estimate of 400 GWh, largely due to the consideration of UHI effect in this study.
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Office buildings have a cooling demand of 115 kWh/m?, triple that of residential buildings
at 34 kWh/m?. While heating, at an average of 86 kWh/m?, is a more pressing issue in
residential buildings, the cooling energy demand is still over double the earlier estimate
of 16 kWh/m? for Dutch residences. This again highlights the importance of considering

the UHI effect into cooling demand assessments.

RQ 2: What are the environmental impacts of the current cooling demand

in The Hague?

The environmental impacts of The Hague's cooling demand are considerable. While the
city's annual cooling energy demand is 1,118 GWh, only 23% is met by existing equipment,
creating a 'cooling gap' and thermal discomfort, particularly in poorer areas which suffer
from stronger UHI effects. Offices are major energy consumers, using 71% of cooling
electricity while occupying only 13% of the floor space. Overall, space cooling takes up 8%
of total electricity usage in residential and office buildings, below the global average of

18.5% but still a major part of the city's electricity use.

The cooling equipment in The Hague's buildings totals around 3,003 tonnes, with an
annual turnover of 232 tonnes. This equates to 0.43 kg of cooling equipment per person
per year, aligning with previous estimates for waste cooling equipment and contributing
to 1% of total electronic waste (WEEE). This brings considerable environmental impacts
with it, including resource depletion and pressure on scarce materials, highlighted by
thirteen critical raw materials in the equipment. With material intensity in offices being
nine times that of residential buildings, there is a pressing need to focus on reducing the

material demand of cooling equipment in office settings.

Climate change impacts from cooling in The Hague's residential and office spaces amount
to 48.8 kt COz2-eq in annual GHG emissions, equivalent to 89.4 kg CO2-eq per resident or
0.7% of the Dutch per capita carbon footprint. With 88% of these emissions stemming
from electricity use, reducing electricity consumption emerges as a critical area for
environmental impact mitigation, particularly in office buildings where GHG intensity is

twelve times that of residential buildings.

RQ@ 3: How will the cooling demand in The Hague and its environmental

impacts evolve until 2050?2

By 2050, The Hague's cooling demand is expected to significantly increase, with a

potential rise up to 88% in the absence of active policies, and a notable decrease under
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strict climate policies. Residential buildings will see an average 56% increase in cooling
demand across scenarios, contrasting with a 13% reduction in office buildings. This shift

emphasizes the need to focus on residential cooling in future policies.

The 'cooling gap' is projected to reduce substantially by 2050, mainly due to increased
cooling equipment in homes. Electricity consumption from cooling is expected to rise by
28% by 2030 and could quadruple by 2050 in the absence of stringent policies. In contrast,
the engaged policy-making in the 2050-L scenario shows a 34% reduction in electricity
use while improving cooling fulfillment. The disparity in electricity use between
residential and office buildings is also projected to increase. Residential cooling electricity
use 1s estimated to double by 2030 and increase eleven-fold in the 2050-H scenario, while

that of offices shrinks or stagnates in all scenarios.

Overall, residential cooling's share of total energy demand is set to increase substantially.
By 2030, it could rise to 14% of total electricity and 3% of total energy use in residences,
with the 2050-H scenario predicting as much as 66% and 14%, respectively. These
projections emphasize the growing importance of cooling in The Hague's energy landscape

and the need for proactive energy and environmental policies.

The material demand of cooling equipment in The Hague is expected to triple by 2050,
raising environmental concerns like resource depletion and increased WEEE generation.
Per capita generation of waste cooling devices will increase to up to 4% of total WEEE by
2050, compared to the current 1%. The surge in cooling equipment stocks, along with the
anticipated complexity of supply chains, also suggests greater opportunities for urban

mining of critical raw materials.

Climate change impacts from space cooling in The Hague show varied projections. The
2050-L scenario predicts a significant 90% reduction in emissions due to grid
decarbonization and improved refrigerant practices, while the 2050-H scenario forecasts
a 71% increase, primarily due to rising cooling demands and a lack of green initiatives.
GHG emissions are expected to decrease substantially in office buildings, by 58%—96% by
2050, but residential buildings could see less reduction or even a four-fold increase under

the 2050-H scenario, highlighting the necessity of focused interventions in residences.

Electricity usage is the main contributor to GHG emissions in most scenarios, except
2050-L. where equipment production-phase and end-of-life emissions become more

prominent, emphasizing the need for policies targeting equipment life-cycles.
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In 2020, space cooling-related GHG emissions in The Hague made up 3.1% of the city's
carbon footprint. The 2050-L scenario's projected 90% reduction aligns with climate goals,
whereas the 2050-H scenario suggests a potential increase to two thirds of the city's total
allowable carbon footprint. These projections underline the importance of cooling in The

Hague's environmental strategy and the urgent need for sustainable interventions.

In conclusion, the study's projections highlight the importance of cooling in The Hague's
energy landscape and the need for proactive energy and environmental policies. It
underscores the need for The Hague to focus on sustainable cooling policies to avoid

business-as-usual outcomes and align with the Netherlands' net-zero goals by 2050.

RQ 4: What recommendations can be given to minimize the projected

environmental impacts of space cooling in The Hague?

The abovementioned results were combined with literature research to inform technology

and policy recommendations for The Hague to minimize environmental impacts:

¢ Building-Level Measures: Encourage renovations in older residential buildings
through financial incentives and stricter energy regulations, particularly focusing
on the low-rise residential buildings, which have the highest cooling demand.
Enhance compliance with energy label standards through support, monitoring,
and enforcement, especially in rented residential buildings.

e Urban Environment Changes: Address the UHI effect through urban design
strategies like green roofs, water features, and low-albedo materials. Prioritize
these efforts in densely populated, low-income neighborhoods.

¢ Thermal Comfort Standards: Implement policy to endorse higher indoor
temperature ranges in summer to reduce cooling demands. Implement adaptive
temperature strategies in offices and promote them in residential buildings for
energy savings.

¢ Cooling Gap Reduction: Tackle the 77% unmet cooling demand in The Hague,
focusing on low-income areas. Implement a carbon tax on low-efficiency cooling
equipment and introduce sliding-scale subsidies for energy-efficient cooling
solutions.

e Energy Use Reduction: Promote energy-efficient cooling systems, including
strengthening minimum energy performance standards and promoting reversible

heat pumps over traditional ACs. Communicate the benefits of passive cooling.
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e Material Impact Minimization: Adopt a circular economy approach in cooling
equipment production, use, and disposal. Focus on extending equipment lifespan,
minimizing the material footprint, and proper waste management.

¢ GHG Emissions Reduction: Decarbonize the electricity grid and promote low
global warming potential refrigerants. Emphasize regular maintenance to prevent
refrigerant leaks.

e Public Awareness: Increase environmental awareness about cooling impacts
through education, community-driven social norms, and economic incentives.

¢ Policy Integration: Address future cooling demand in climate and energy policy,
integrating space cooling with sustainable heating measures, including emphasis

on the double function of reversible heat pumps.

Overall, the findings of this study show the need for greater addressment of space cooling
needs both in The Hague and in the Netherlands as a whole. If actions are not taken,
environmental impacts will exacerbate the adverse impacts of climate change, feeding
into a vicious cycle. It is imperative to focus on using cooling technologies with lower
energy demands such as heat pumps and passive cooling technologies, using synergies
between sustainable heating and cooling solutions, and considering environmental justice
in policy measures. The challenge is clear: adapt or overheat. To prevent the latter, the

Hague must choose the path of sustainable cooling.
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8 Appendices

Appendix A GIS Data Files and Background Research Used in
the Cooling Demand Model

The GIS data files used as input for the cooling demand model, as well as the geodata files
containing the spatial results, are of a size that exceeds GitHub's storage capacity. Hence,
these are hosted on Zenodo. Furthermore, background research was conducted to
ascertain the projections of input parameters for future scenarios. The primary data and
calculations conducted during this background research are contained within an Excel

file, which 1s also accessible on Zenodo.

Both the GIS geodata files and the background research spreadsheet are available at the
following URL: https://zenodo.org/doi/10.5281/zenodo.8344580.
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Appendix B GIS Methodology Flow

This appendix contains a detailed overview of the steps performed to extract and pre-

process the building data necessary to calculate the cooling demand and resulting

environmental impacts in the cooling demand model. This extraction and processing was

done using Geographic Information Systems (GIS) modeling, specifically using QGIS and
the GeoPandas library in Python (Jordahl et al., 2020; QGIS.org, 2023). The portion of the

processing that was performed in Python is further documented in Appendix C. Multiple

data sources were used, mainly:

Statistical regions: several shapefiles containing statistical regions were used to
organize and clip the spatial data and the resulting cooling demand and
environmental impact data.

Basisregistratie Adressen en Gebouwen (BAG; Registry of Addresses and
Buildings): contains spatial information of all registered buildings, residences and
addresses in the Netherlands (PDOK, 2023a). It also contains administrative
information such as the construction year, end use, use status, etc.

3D BAG: a separate data source containing height profiles for each building in the
BAG (tudelft3d & 3DGI, 2023). It does not contain any administrative information.
EP-online (Energy label registry): The registry contains energy label data which
can be linked to BAG residences (RVO, 2019).

Statistical regions

The outline of The Hague municipality through the Municipal boundaries
(Gemeenten) layer, sourced from the Administrative boundaries (Bestuurlijke
Gebieden) dataset on the PDOK WEFS service (PDOK, 2023b)

District (Wijken) and Neighborhood (Buurten) layers were downloaded from the
PDOK WEFS service (from the CBS Wijken en Buurten 2022 data package) and
clipped to the outline of The Hague (PDOK, 2023e)

The 4-digit postcodes layer was downloaded from PDOK WFS service (CBS
Postcode4 statistieken 2020) and clipped to The Hague's outline (PDOK, 2023c)
The census block layer was downloaded from the PDOK WEFS service (from the
CBS Vierkantstatistieken 100m 2021 data package) and also clipped to the outline
of The Hague (PDOK, 2023d).
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BAG

e BAG data was acquired through the download of a BAG GeoPackage from the BAG
ATOM download page (PDOK, 2023a).

e In the resulting GeoPackage, the Residences (Verblijfsobject) and Building (Pand)
layers were used in further analysis.

e These layers were subsequently clipped to match The Hague's outline.

e The ground floor area for buildings was determined by the GeoPandas area

function on the geometry of the Building layer.

3D BAG

e Due to limitations imposed by the PDOK WFS service, which restricts the number
of downloadable buildings to 10,000, it was necessary to acquire 145 individual
GeoPackages for tiles covering The Hague from the 3D BAG website (tudelft3d &
3DGI, 2023).

e These GeoPackages were merged using the ogr2ogr append function from the
GDAL library in bash (Rouault et al., 2023).

e Roof elevation data was extracted from the LoD 1.2 2D layer from the resulting
GeoPackage.

e Ground elevation data was obtained from the Pand layer.

e Both layers were clipped to match The Hague's outline.

e Roof and ground elevation data from the LoD 1.2 2D and Pand layers were joined
to the Pand layer in the BAG dataset using the BAG ID of each building.

e Building height was calculated as the difference between the 70t percentile of roof
elevation (accounting for spires and slanted roofs) and the elevation of the ground
floor below the building (building_height = b3_h_70p - b3_h_maaiveld).

e Building volume was determined by multiplying the ground-floor area (derived
from the vector shape) with the calculated height. This method was chosen over
BAG 3D's volume metrics due to the simpler calculation process and minimal
differences in results. The volume data of the latter also contained a significant
number of outliers and negative values, which would further complicate the data

processing.
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Energy labels

Energy labels were downloaded from the Energy label registry (EP-online) as a 1
GB CSV file (RVO, 2019).

Postcodes within The Hague were extracted from the postcodes layer, and the CSV
file was filtered accordingly.

To integrate energy labels into the analysis, they were joined to the Residence
layer using the BAG residence ID.

Energy label data was available for 55% of the total floor area across all end uses,
while it was available for 61% and 68% of the residential and office floor space,

respectively.

Further processing

A spatial join was performed to join residence-level data to BAG buildings, using the

GeoPandas within predicate. Join rules were defined as follows:

Residence floor area: Sum and save as the total floor area of the building.
Residence count: Sum and save as the number of residences in the building.
Residence end use: The main end use within the building was determined by
grouping the constituent residences by their end use, and then selecting the end
use with the largest floors area. Buildings without a residential or office end-use
were excluded from the cooling demand model.?*

Residence energy label: The mean energy label was calculated by translating
energy labels to integers (A+++++: 1, A++++: 2, ..., G: 12), taking the average
numerical energy label, weighing it by the floor area of the residences, rounding it

to the nearest integer, and then translating it back into an energy label.

54 Some buildings have a mixed end use (e.g., residential and office, or office and industrial). These

mixed end-use buildings make up roughly 2% of the total floor area in The Hague. It is not

determinable which of these is the dominant end use within the building, as these mixed end uses

are registered on the residence level. Hence, these buildings are not considered in the cooling

demand model.
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Appendix C Python Implementation of the Cooling Demand
Model

The main cooling demand model, the extraction and pre-processing of GIS data, the
sensitivity analyses, and the generation of figures for the interpretation of results were
all implemented in Python. The repository containing the python code can be found on

this URL: https://github.com/simonvanlierde/msc-thesis-ie.

This repository contains all the python code and input parameter files used in the
analysis. However, due to file size limitations, it does not include the GIS data files used
as input for the CDM or the GIS data files containing the CDM results. For these, please
refer to Appendix A.
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Appendix D Global Input Parameters for the Cooling Demand
Model

This appendix contains the global input parameters for each scenario, i.e., the parameters

that are assumed to be equal for each building.
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Table 53: Global input parameters which are constant throughout the scenarios.

Parameter Value Unit Description Source
The start of the reference period for the
The end year of the status quo scenario in the cooling demand
reference weather 2018 year model. The same reference period is used Assumption
data series for the scenarios and climate change is
modeled on top of the raw weather data
The end year of the The end of the reference period for the
reference weather 2022  year status quo scenario in the cooling demand Assumption
data series model
Th ther stati
© wga er station The KNMI number for the Hoek van .
for which to the 330 - . Assumption
Holland weather station
fetch weather data
The average 2.01 Average number of people per household (The Hague
household size ' in The Hague Municipality, 2023)
Office dweller The average amount of people per area in .
. 0.067 - . Assumption
density offices, assumed from 15 m2 per person
. . The heat capacity of dry air in typical (The Engineering
Heat ty of 1,006 JkglK1 ..
eat capacily of atr g room conditions Toolbox, 2004b)
. . The mass density of dry air in typical (The Engineering
D ty of 1.2 kgm-3 ..
S . room conditions Toolbox, 2004a)
Building type age The cutoff year between old and new .
. 2003  year s Assumption
division year building types
Building type height The cutoff height between low- and high- .
... 175 m . e Assumption
division rise buildings
The percentile of the cooling demand
Cooling demand cap power that the cooling load profiles .
. 98 - C . Assumption
percentile should be capped at, which is a proxy for
the thermal discomfort tolerance
Indoor heat transfer 75 Wm-2K-1 Indoor combined heat transfer coefficients (van Bueren et al.,
coefficient ' for convection and radiation 2012)
Outdoor heat 975 Wm-2K-1 Outdoor combined heat transfer _(van Bueren et al.,
transfer coefficient ' coefficients for convection and radiation  2012)
Heat generation per an Bueren et al.,
. > 120 W The heat produced per person ‘(V
person 2012)
Lighting heat 6 W2 The average heat produced by lighting _(van Bueren et al.,
generation density per floor area 2012)
Abiotic resource 9.610° kg Sb-  The relative abiotic resource depletion of Based on ecoinvent
depletion intensity ’ eq/kg cooling equipment processes
Crustal scarcity 1695 kg Si- The relative crustal scarcity of cooling Based on ecoinvent
intensity ’ eq/kg equipment processes
Carbon intensity of 49 kg CO2- The relative climate change impact of Based on ecoinvent
production ' eq/kg cooling equipment production processes
Carbon intensity of 0.3 kg CO2- The relative climate change impact of Based on ecoinvent
EoL phase ’ eq/’kg treatment of waste cooling equipment processes
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Appendix E Building Type Dependent Input Parameters for
the Cooling Demand Model

This appendix presents the input parameters used in the cooling demand model which
are dependent on the building type. Note that building population, presence load factors,
and cooling technology mixes also depend on the building type, but these are presented in

Appendix D, Appendix G, and Appendix I respectively.

Table 54: Descriptions of the building type-dependent input parameters used in the
cooling demand model.

Parameter Unit Description Source

The fraction of each facade covered by windows. It is
Glazing fraction - assumed to be 15% for residential buildings and 25% for ~ Assumption
office buildings.
The mechanical ventilation rate per person. It is assumed
m3h-1 to be 25 m3h-! for newer offices and new residential high
rises, and zero for all other buildings.

Based on (van
Bueren et al., 2012)

Ventilation rate
per person

The air change rate by infiltration (in terms of building
Infiltration rate ht volume per hour). It is assumed to be 0.1 h-! for newer
buildings and 0.5 h-! for older buildings.

The average heat produced by other electrical appliances
m2 per floor area, in residences. Assumed to be 5 Wm-2 for
residential buildings and 15 Wm-2 for offices.

Based on (van
Bueren et al., 2012)

Based on (van
Bueren et al., 2012)

Appliance heat
generation density

Table 55: The values of the building type-dependent input parameters used in the cooling
demand model. These values are not altered throughout the scenarios.

Glazed fraction Ventilation rate Infiltration Internal heat gain from

Building type of facade per person (m3h-1) (ACH) appliances (Wm2)
1: New high-rise residential 0.15 25 0.10 5
2: Old high-rise residential 0.15 0 0.50 5
3: New low-rise residential 0.15 0 0.10 5
4: Old low-rise residential 0.15 0 0.50 5
5: New high-rise office 0.25 25 0.10 15
6: Old high-rise office 0.25 0 0.50 15
7: New low-rise office 0.25 25 0.10 15
8: Old low-rise office 0.25 0 0.50 15
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Appendix F Energy Class Dependent Input Parameters for the
Cooling Demand Model

This appendix presents the input parameters used in the cooling demand model which

are dependent on the energy class (which is a collection of energy labels) of a building.

Table 56: Descriptions of the energy class-dependent input parameters used in the

cooling demand model.

Parameter Unit Description Source
Heat resist. f . Based B
cat resistance o m2KW-1 The thermal resistance of the outer walls. ased on (van Bueren
outer walls et al., 2012)
Heat resist. f . Based B
cat resistance o m2KW-1 The thermal resistance of the roof. ased on (van Bueren
the roof et al., 2012)
Heat resistance of ?KW-1 The thermal resistance of the ground floor with ~ Based on (van Bueren
the ground floor respect to the soil. et al., 2012)
Heat transmittance of windows. Transmittance is
Heat transmittance Wm-2K-1 simply the inverse of resistance, but insulation Based on (van Bueren
of windows values for windows are typically presented in et al., 2012)
terms of the heat transmittance.
Solar factor of The fraction of solar radiation let through by the Based on (van Bueren
windows window glass, also known as the g value. et al., 2012)

Table 57: The values of the energy class-dependent input parameters used in the cooling

demand model. These values are not altered throughout the scenarios.

Heat resistance Heat Heat resistance Solar
Energy of outer walls resistance of of ground floor Heat transmittance factor of
class (m2KW1) roof (m2KW-1) (m2KW-1) of windows (Wm=2K-1) windows
A-A+H++++ 8 10 6 1 0.4
B-C 3 4 2 2 0.6
D-E 1 1.5 0.75 3 0.7
F-G 0.35 0.5 0.25 6 0.8

Note that while the energy class dependent parameters are not varied throughout the
scenarios, the allocation of energy labels to energy classes is shifted as a proxy for shifting

thermal insulation values over time. See section 3.3.2.5 for more details.
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Appendix G Presence Load Factors Used in the Cooling
Demand Model

This appendix contains the presence or activation load factors used in the cooling demand
model. The presence load is expressed in the fraction of the full amount of people, or the
fraction of the full activation of lights or appliances throughout the day. For example, a
people presence load factor of 0.2 implies that 20% of the full population of the building is
present in that hour. A lighting presence load factor of 0.5 implies that 50% of the lighting

in the building is activated.

Table 58: Presence and activation load factors of people, lights, and appliances.

Presence of people Activation of lighting  Activation of appliances
Hour of the day | Residential Office Residential Office Residential Office
1 1 0.2 0.2 0 0 0
2 1 0.2 0.2 0 0 0
3 1 0.2 0.2 0 0 0
4 1 0.2 0.2 0 0 0
5 1 0.2 0.2 0 0 0
6 1 0.2 0.2 0 0 0
7 1 0.2 0.2 0 0 0
8 1 1 1 0.2 1 1
9 1 1 1 0.2 1 1
10 0.2 0.2 0.2 1 1 1
11 0.2 0.2 0.2 1 1 1
12 0.2 0.2 0.2 1 1 1
13 0.2 0.2 0.2 1 1 1
14 0.2 0.2 0.2 1 1 1
15 0.2 0.2 0.2 1 1 1
16 0.2 0.2 0.2 1 1 1
17 0.2 0.2 0.2 1 1 1
18 1 1 1 0.2 1 1
19 1 1 1 0.2 1 1
20 1 1 1 0.2 1 1
21 1 1 1 0.2 1 1
22 1 0.2 0.2 0 0
23 1 0.2 0.2 0 0
24 1 0.2 0.2 0 0
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Appendix H Production- and End-of-Life Phase Environmental
Impacts for each Cooling Technology

This appendix presents the integration of the LCA results presented in section 4.1.3 for
each of the cooling technologies used in the model. The resulting properties and
environmental impacts were used to determine the environmental impacts of the

residential and office cooling demand.
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Appendix I Cooling Technology Mix Choices for Scenarios

This appendix presents a collection of tables and charts showcasing the cooling technology
mixes assumed for each building types in the various scenarios. These visuals offer
insights into the changing landscape of cooling solutions per building type, reflecting the
influence of technological progress, market trends, and policy dynamics on the
distribution of cooling equipment. The methodology used to determine these figures is
described as described in section 3.2.3.1 and section 3.3.3.6. Note that for building type 2
(old high-rise residences), the same total market penetration rate (MPR) of heat pumps is
assumed as for building types 3 and 4 (low-rise residences). Note that in the following
tables and figures, WSHP, ASHP, and GSHP stand for water-, air-, and ground-source

heat pump, respectively.

Table 60: Estimated cooling equipment mix per building type used in the Status Quo
(2020) scenario, based on (Rovers et al., 2021).

B‘fylging rlf;’;"; ASHP GSHP WSHP Chiller S};gt P°’:gble No :;':liivlfnf;‘l’iing
1 18% | 3% 1% 1%  14% } i 82%
2 15% : : : : : 15% 86%
3 4% | 1% 1% 1% i 6% 6% 86%
4 4% | 1% 1% 1% : 6% 6% 86%
5 69% | 10% 4% 2%  54% i : 31%
6 69% | 10% 4% 2%  54% : : 31%
7 51% | 1% 2% 1% i 22% 25% 49%
8 51% | 1% 2% 1% : 22% 25% 49%

Table 61: Cooling technology mix choices for the 2030 scenario.

Building Total No active cooling
type MPR ASHP GSHP WSHP Chiller Split AC Portable AC equipment
1 46% 6% 2% 3% 36% 0% 0% 54%
2 37% 4% 2% 2% 0% 0% 29% 63%
3 36% 4% 2% 2% 0% 13% 15% 64%
4 36% 4% 2% 2% 0% 13% 15% 64%
5 100% 8% 3% 1% 88% 0% 0% 0%
6 100% 8% 3% 1% 88% 0% 0% 0%
7 100% 3% 6% 3% 0% 41% 47% 0%
8 100% 3% 6% 3% 0% 41% 47% 0%
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Building
type

Table 62: Cooling technology mix choices for the 2050-L scenario.

Total
MPR

ASHP GSHP WSHP Chiller Split AC Portable AC

No active cooling
equipment

[\

® I o ot s~ W

Building
type

61%
48%
48%
48%
100%
100%
100%
100%

34%
26%
26%
26%
33%
33%
13%
13%

12%
9%
9%
9%
12%
12%

26%

26%

16%
12%
12%
12%
6%
6%
13%
13%

0%

0%

0%

0%
49%
49%
0%

0%

0%
0%
0%
0%
0%
0%
23%
23%

0%
0%
0%
0%
0%
0%
26%
26%

39%
52%
52%
52%
0%
0%
0%
0%

Table 63: Cooling technology mix choices for the 2050-M scenario.

Total
MPR

ASHP GSHP WSHP Chiller Split AC Portable AC

No active cooling
equipment

[\

®® I O ot s~ W

Building
type

76%
61%
60%
60%
100%
100%
100%
100%

21%
16%
16%
16%
19%
19%
7%
7%

7%
6%
6%
6%
7%
7%
15%
15%

10%
8%
8%
8%
4%
4%
7%
7%

39%
0%
0%
0%

70%
70%
0%
0%

0%
0%
14%
14%
0%
0%
33%
33%

0%
31%
16%
16%

0%

0%
37%
37%

24%
39%
40%
40%
0%
0%
0%
0%

Table 64: Cooling technology mix choices for the 2050-H scenario.

Total
MPR

ASHP GSHP WSHP Chiller Split AC Portable AC

No active cooling
equipment

o =N o Ot A~ W N

100%
80%
79%
79%
100%
100%
100%
100%

5%
4%
4%
4%
8%
8%
3%
3%

2%
2%
2%
2%
3%
3%
6%
6%

3%
2%
2%
2%
1%
1%
3%
3%

36%
0%
0%
0%

88%

88%
0%
0%
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0%
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41%

54%
72%
58%
58%
0%
0%
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0%

0%
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100%

75%

50%

25%

0%

Building type

100%

75%

50%

25%

0%

Building type

100%

75%

50%

25%

0%

Building type

100%

75%

50%

25%

0%

Building type

I No active cooling
equipment

I Mobile AC
M SplitAC
B Chiller

I WSHP
B GSHP
B ASHP

[ No active cooling
equipment

I Mobile AC
W SplitAC
B Chiller

[ WSHP
B GSHP
B ASHP

Figure 99: Cooling technology mix choices for the 2030 (top-left), 2050-L (top-right),
2050-M (bottom-left), and 2050-H (bottom-right) scenarios.
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Appendix J Cooling Technology Dependent Input Parameters
for the Cooling Demand Model

This appendix presents the input parameters used in the cooling demand model which

are dependent on the energy class (which is a collection of energy labels) of a building.

Table 65: Descriptions of the cooling technology-dependent input parameters used in the

cooling demand model.

Parameter Unit Description Source

. cp L . Based on
Average The average operational lifetime of the cooling
. year L. . (Penman et al.,
lifetime technology. Used to annualize life-cycle impacts. 2000)
Material Ko/ kW The mass of cooling equipment (in kg) per installed Based on
density & power capacity (in kW) market research
Refrigerant Ke/kW The mass of the refrigerant charge within the cooling  Based on
density = equipment (in kg) per installed power capacity (in kW) market research

. The percentage of the refrigerant charge that escapes

Effective ep & ' & P Based on

. into the environment each year, including leaks during
refrigerant  %/year (Penman et al.,

installation and equipment disposal, averaged over the

leakage rate . . . 2000

& equipment's typical lifespan. )

The SEER rating represents the ratio of cooling output
Energy . Based on
.. over the course of a standard cooling season to the .
efficiency overall electrical energy consumption during that same (Dittmann et
1 1 1

(SEER) M = = & al., 2016)

timeframe.

Table 66: The values of static cooling technology-dependent input parameters used in the

cooling demand model. These values are not altered throughout the scenarios.

Average Refrigerant Material density
Cooling technology lifetime (year) density (kg/kW) (kg/kW)
Air-source heat pump (ASHP) 12.5 0.3 32.9
Ground-source heat pump (GSHP) 12.5 0.3 16.7
Water-source heat pump (WSHP) 12.5 0.2 14.2
Chiller 20.0 0.1 10.6
Large split AC 12.5 0.2 11.4
Portable AC 12.0 0.1 10.2

Table 67: The values of energy efficiencies (SEERs) used for each cooling technology as

input for the cooling demand model.

Cooling technology Scenario
SQ (2020) 2030 2050-L 2050-M 2050-H
Air-source heat pump (ASHP) 4.8 6.5 8.9 8.1 7.31
Ground-source heat pump (GSHP) 6.2 8.5 11.5 10.5 9.50
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Water-source heat pump (WSHP) 7.5 10.2 13.9 12.7 11.5
Chiller 4.1 5.0 6.5 6.0 5.49
Large split AC 4.8 6.5 8.9 8.1 7.31
Portable AC 2.5 2.9 4.1 3.7 3.30

Table 68: The effective annual refrigerant leakage rates (as a percentage of the total

refrigerant charge) used for each cooling technology as input for the cooling demand

model.
Cooling technology Scenario
SQ (2020) 2030 2050-L 2050-M 2050-H
Air-source heat pump (ASHP) 5% 4% 1% 2% 5%
Ground-source heat pump (GSHP) 5% 4% 1% 2% 5%
Water-source heat pump (WSHP) 5% 4% 1% 2% 5%
Chiller 10% 4% 2% 2% 10%
Large split AC 5% 4% 1% 2% 5%
Portable AC 23% 18% 6% 9% 23%
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Appendix K The Urban Heat Island Effect and Sub-Surface

Temperatures

In addition to air temperatures, the UHI effect also tends to increase urban subsurface
temperatures relative to the surrounding countryside. While a lot of research has been
performed on the UHI effects of air- and surface temperatures, not much quantitative

research has been performed on subsurface (i.e., soil) UHI effects.5>

While the available research shows that there is a significant subsurface UHI (SubUHI)
effect, it is highly dependent on the geographic location, measurement depth, and
definitions of urban vs. rural areas (see Table 69). The De Bilt weather station is in a
semi-urban area, making it even more complex to estimate the relative SubUHI effect
between De Bilt and The Hague. Therefore, the SubUHI effect is not considered in this
analysis; instead, subsurface temperatures at De Bilt weather station and The Hague

were assumed to be the same.

Table 69: Several records of the Subsurface Urban Heat Island effect.

Location Annual average SubUHI effect (°C) Depth (m) Source
berh
Oberhausen, 2.8 0.7 (N.Miiller et al., 2014)
Germany
United Kingdom 0.6 1 (Busby, 2015)
Beijing, China 4.3 1.5 (Zhan et al., 2014)

55 Confusingly, in the literature both the surface and the subsurface UHI effect are sometimes

abbreviated to SUHI. To avoid ambiguity, SubUHI is used to indicate the subsurface UHI effect.
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Background Data Used in the Determination of

Appendix L

Scenario Parameters

the background data used to

ibing

This appendix contains tables and figures descr

determine future weather- and electricity grid-related parameters.
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Season® Variable Indicator Climate ® Central Natural
1981-2010 estimate of variations
= reference change value averaged over
period for2030° 30 years ®
(2016-2045)
Year Sea level at absolute level ® 3 cm above +10 tot +25 cm +1.4cm
North Sea coast NAP
rate of change 2.0 +1to+6 +1.4
mm/year mm/year mm/ year
Temperature mean 10.1°C +1.0°C +0.16 °C
Precipitation mean amount 851 mm +5% +4.2%
Solar radiation solar radiation 354 kJ/cm? +0.2% +1.6%
Evaporation potential evaporation (Makkink) 559 mm +2.5% +1.9%
DN Fos . number of hours with visibility < 1 km _300hourd e o
Winter Temperature mean 3.4°C o2 HE +0.48 °C
Precipitation mean amount 211 mm +8.5% +8.3%
10-day amount exceeded once in 10 years " 89 mm +9% +11%
number of wet days (= 0.1 mm) 55 days +1.5% +4.7%
Wind mean wind speed 6.9 m/s +0.5% +3.6%
highest daily mean wind speed per year 15 m/s -1.0% +3.9%
number of days between south and west 49days =~ +2.5% +6.4%
Spring Temperature mean 9.5 °C +0.8 °C +0.24 °C
_ Precipitation mean amount 173mm +5.5% +8.0%
Summer Temperature mean 17.0°C +0.9 °C +0.25°C
Precipitation mean amount 224 mm +0.2% +9.2%
daily amount exceeded once in 10 years " 44 mm +1.7 tot +10% + 15%
maximum hourly intensity per year 15.1 mm/hour +5.5 tot +11% +14%
number of wet days (= 0.1mm) 43 days +0.5% +6.4%
Solar radiation solar radiation 153 kJ/cm? +1.9% +2.4%
Humidity relative humidity 77% -0.6% +0.86%
Evaporation potential evaporation (Makkink) 266 mm +3.5% +2.8%
; » _ Drought mean highest precipitation deficit during growing season” 144 mm - +0% +13%
Autumn Temperature mean 10.6 °C +1.0°C +0.27 °C
Precipitation mean amount 245 mm +5.5% +9.0%

Figure 101: Weather changes between the 1981-2010 reference period and 2030, based on
the KNMI ‘14 climate scenarios from (Attema et al., 2014).

Table 70 contains the projected electricity mixes of the Dutch grid used to determine the

carbon intensities of the electric grid for future scenarios. Values are expressed in the

total annual production in petajoules (PJ). Solar PV and Wind energy are further

subdivided based on assumptions (see also Appendix N) to align better with available

ecoinvent processes. The 2030 mix is derived from the Dutch Climate and Energy

exploration (Hammingh et al., 2021), the 2050 mixes from an exploration of net zero

energy mix scenarios (Ouden et al., 2020). Both were accessed through the online Energy

transition model (Zaccagnini et al., 2023).
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Table 70: Projected electricity production mix of the Dutch grid (PJ). Based on
(Hammingh et al., 2021; Ouden et al., 2020, Zaccagnini et al., 2023).

Electricity source Scenario in source literature
2030 2050 Regional 2050 National 2050 European 2050 International

Biogas 9 2 0 63 7
Coal gas 0 0 6 12 6
Hydroelectric 0 0 0 0 0
Hydrogen 0 78 59 0 61
Imported electricity 107 90 135 327 339
Natural gas 134
Nuclear 12
Residual waste 19
Solid biomass 1
Solar PV 84 376 320 174 156
:fiiigy (open 57 200 172 102 104
Solar PV (roof-panel) 27 176 148 72 52
Wind 262 718 1,050 594 554
Wind (offshore) 199 503 216 486 446
Wind (onshore) 63 215 834 108 108
Total 629 1,264 1,573 1,176 1,129
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Appendix M Correlation between Subsurface and Air

Temperatures

In the modeling of the 2030 and 2050 scenarios, a lack of direct subsurface temperature
projections in the existing literature or from the KNMI (Royal Netherlands Meteorological
Institute) was encountered. To address this limitation, the possibility of using projected
air temperature changes as a proxy for subsurface temperature changes was explored. To
establish this relationship, an analysis of daily air and subsurface temperature data at a
depth of 1 meter covering the period from 1981 to 2021 was conducted, with the data being
obtained from the KNMI website (KNMI, 2022a, 2022b). The results of this analysis can

be found in the following figures.

13 A Air:
Annual average T
— 10-year rolling mean T
12 4
95% confidence interval of rolling mean T
o
< Sub-Surface:
[ Annual average T
2
g 10-year rolling mean T
£ 10
) 95% confidence interval of rolling mean T
9 <
8

1980 1985 1990 1995 2000 2005 2010 2015 2020
Year

Figure 102: Annual air and subsurface (1m depth) temperatures in De Bilt, 1981-2021.

| Air:
12.0 ——  10-year rolling mean T

11.5 A - . Linear fit of 10-year rolling mean T
- AT: 0.39 +0.02 °C/decade
Pearson's r: 0.59

o
3; 11.0 4
§ Exponential fit of 10-year rolling mean T
s | e N el AT: 3.8 £0.78 %/decade
lé. 10.5 A Pearson's r: 0.59
= Sub-Surface:
10-year rolling mean T
10.0 4
Linear fit of 10-year rolling mean T
9.5 - AT: 0.41 +£0.03 °C/decade

Pearson's r: 0.64

1980 1985 1990 1995 2000 2005 2010 2015 2020
Year Exponential fit of 10-year rolling mean T
AT: 3.99 +0.42 %/decade
Pearson's r: 0.63

Figure 103: Linear and exponential fits to 10-year rolling mean air and subsurface (1m

depth) temperatures in De Bilt, 1981-2021.
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Annual mean temperature

Linear fit of air vs. sub-surface 10-year rolling mean temperature
— == Tair=(1.1 £ 0.05)Tgrounag -0.14 = 0.5 °C
Pearson's r: 0.96, p-value: 3e-24
@ 10-year rolling mean temperature

12.5 A

12.0 A

- -
[ -
o 3]
L 1

=

o

€]
L

Sub-surface temperature (°C

10.0 A

8.5 9.0 9.5 10.0 10.5 11.0 11.5
Air temperature (°C)

Figure 104: Air vs. subsurface (I1m depth) temperatures in De Bilt, 1981-2021. A linear
fit has been performed on the relationship between 10-year rolling mean air and

subsurface temperatures.

1.5
AT (°C/decade)
Linear fit of air vs. sub-surface 10-year rolling average mean AT:
—== ATsup=(1.63 = 0.18)-AT,; -0.19 + 0.08°C/decade
1.04 Pearson's r: 0.85, p-value: 1e-09

T @ 10-year rolling mean AT
®
o
v
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©
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Air AT (°C/decade)

Figure 105: Air vs. subsurface (Im depth) temperature changes in De Bilt, 1981-2021. A
linear fit has been performed on the relationship between 10-year rolling mean air and

subsurface temperature increases.

From the above figures it can be concluded that the air and subsurface temperature levels
exhibit a remarkable similarity, with the 10-year rolling mean temperatures

demonstrating statistical indistinguishability for the most part (see Figure 102 and

Figure 104).

The next inquiry revolves around the comparability of the decadal changes within the
annual average air and subsurface temperature. To address this, both linear and
exponential fits were generated for both subsurface and air temperatures. The results

indicate that the linear fit reveals statistically indistinguishable air and subsurface
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temperature growth, both falling within the range of 0.40 + 0.04 °C per decade (see Figure
103).

It is noteworthy that this aligns with the findings presented by the KNMI in their 2021
Climate signal report (KNMI, 2021). Likewise, the exponential fit yields statistically

indistinguishable growth rates for both variables, at 4% per decade.>®

For greater precision, a depiction of the 10-year temperature increments for both air and
subsurface temperatures is included to ascertain the quantitative relationship between

the growth of air and subsurface temperatures, as presented in Figure 105.

While a robust linear correlation between the two is evident, it is important to note that
this does not necessarily imply a linear cause-and-effect relationship. Additionally, the

data exhibits noise, as reflected in the error bars.

To comprehensively understand the nature of the relationship between air and subsurface
temperature increases in the context of climate change, further research is warranted. In
the scope of this study, subsurface temperature growth is assumed to mirror air
temperature growth. This assumption is based on the strong linear correlation between
the two variables and the historical trend where both temperatures have converged to a

common growth rate of 0.40 £ 0.04 °C per decade over the past 30 years.

56 Note that this exponential growth rate is based on temperatures measured in °C, and not in
Kelvin (K). The heat energy stored in the environment is linearly related to the temperature
measured in K. Hence, it is not the heat energy stored in the environment that grows by 4% every
decade, but merely the temperature denoted in degrees Celsius. The growth rate of temperature
measured in K, and thus that of heat energy, will be lower than the growth rate of temperature

measured in °C.
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Appendix N Scenario parameters: Assumptions for the Carbon

Intensity of the Grid

This appendix contains a detailed overview of the assumptions made in the estimation of
the future Dutch electricity grid source mix, which impacts the evolution of the carbon
intensity of the electricity grid. It is about five electricity sources that were problematic

and required more research to determine its future impacts.

This appendix provides a detailed examination of the assumptions underpinning the
projection of the future Dutch electricity grid source mix, which is used to determine the
evolution of the carbon intensity of the electricity grid. Specifically, it delves into five
electricity sources that posed challenges, necessitating more in-depth research to

determine their future impacts.

Furthermore, Table 72 contains the life-cycle carbon intensities of electricity from
different sources used in this assessment, based on ecoinvent processes and the “Climate
change (GWP100)” impact indicator from the “ReCiPe Midpoint (H) V1.13” assessment
method (Huijbregts et al., 2017; Wernet et al., 2016).

Solar Photovoltaic Power

In the global solar photovoltaic (PV) market, Mono-Si (also known as Single-Si) solar
panels are dominant, constituting over 80% of global sales in 2020 (Philipps & Warmuth,
2023). This market share has been on the rise since 2015. For the sake of simplicity, it is

assumed that all roof-installed solar panels will be of the Mono-Si variety in 2050.

Wind Energy

From Figure 45, it can be observed that most of the wind power is projected to be
generated by offshore wind farms (as opposed to on-land windmills), accounting for 70%
to 80% of the total wind power production. An average of 75% is assumed across all
scenarios. The average capacity of on-land wind turbines in the Netherlands is 2.2 MW
(CBS, 2023c). In consideration of this, it is assumed that all on-land wind turbines fall
within the 1-3 MW category.

Hydrogen

Greenhouse gas (GHG) emissions from hydrogen production emissions depend upon the

electricity source in the case of electrolysis and the presence of carbon capture and storage
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in the case of natural gas derivation. Three distinct types of hydrogen exist, each

associated with varying life-cycle carbon footprints (refer to Figure 106).

0.100
700
=
& o075 600
Q
o
2 500
5 E
S 0.050
g = 400
i o
-8 QJ
5 o 300
o 0025 ©
E oo
o 200
£
0.000 100
Gray Blue Green
Production method 0
Figure 106: Life-cycle carbon footprint Figure 107: The range of GHG emission
of hydrogen, per production method intensities of hydrogen-based electricity
(Hauck et al., 2020). (Rinawati et al., 2022).

Gray hydrogen originates from fossil fuels, primarily steam methane reforming (SMR),
and currently constitutes 96% of global hydrogen production (Howarth & Jacobson, 2021).
Blue hydrogen denotes hydrogen production akin to the gray method but incorporating
carbon capture and storage. Green hydrogen is derived through the electrolysis of water
using renewable electricity. Given the typically low life-cycle carbon footprint of
renewable electricity, green hydrogen serves as a low-carbon alternative to gray and blue
hydrogen. Nevertheless, green hydrogen experiences significant conversion losses, with a
round-trip conversion efficiency (electricity — hydrogen — electricity) ranging from 18%
to 46% (Sepulveda et al., 2021). Additionally, it is presently not cost-competitive with gray
or blue hydrogen (Howarth & Jacobson, 2021).

The current mixture of hydrogen types is inherently intricate, with a substantial portion
of hydrogen being imported and the production source occasionally remaining obfuscated.
This complexity, coupled with variations in the carbon footprint of electricity mixes
employed in green hydrogen production, leads to a broad spectrum of emission factors for

hydrogen-based electricity generation (see Figure 107) (Rinawati et al., 2022).

To estimate the impacts of hydrogen on electricity generation in this research, the

following distribution of hydrogen types was assumed for each scenario year. Carbon
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intensities for gray and green hydrogen were grounded in research on hydrogen-based

solid-oxide fuel cells (SOFCs) in the European region (Bicer & Khalid, 2020).

Table 71: Assumptions on the hydrogen-based electricity production mix and the

resulting life-cycle carbon footprint for future scenarios. Based on (Bicer & Khalid,

2020)
Scenario year Production mix Life-cycle carbon footprint (kg CO:-eq/kWh)
2020 100% gray 0.64
2030 50% gray, 50% green 0.35
2050 100% green 0.05

Gas

Within the scenarios, a distinction is drawn between biogas and green gas. Although these
terms are closely related, green gas can be regarded as a subset of biogas, specifically
biogas that has been refined to a degree enabling it to replace natural gas (Gasunie,
2023).57 It is important to note that this distinction has yet to be explored in LCA studies.
Consequently, this study assumes that the carbon intensity of electricity derived from

both biogas and green gas is equivalent.

Imported Electricity

Due to the absence of available data on the anticipated import mix, it is assumed that the
carbon intensity of imported electricity aligns with the average carbon intensity of the

Dutch grid.

57 In other words, green gas can be transported in existing natural gas infrastructure and its
quality is of such a degree that it can be used in applications for which natural gas is currently

used.
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Table 72: The ecoinvent products assigned to each electricity source and the resulting

life-cycle carbon intensities.

Carbon
Electricity intensity (kg
source ecoinvent product CO:z-eq/kWh) Notes
Electricity, high voltage, from heat
Biogas and power co-generation, biogas, gas 0.209
engine (NL)
Electricity, high voltage, from
Coal gas treatment of coal gas, in power plant 0.830
(NL)
Electricity, high voltage, from
Hydroelectric  electricity production, hydro, run-of- 0.004
river (NL)
Hydrogen-based electricity is
Green (wind-powered EU), from Green only used in the 2050 mixes;
Hydrogen . 0.050 .
(wind-powered EU) (EU28) hence an all-green production
method is assumed.
Electricity, high voltage, from
Natural gas electricity production, natural gas, 0.638
conventional power plant (NL)
Electricity, high voltage, from
Nuclear electricity production, nuclear, 0.006
pressure water reactor (NL)
Electricity, medium voltage, from
Residual waste fale?tricity, from mun~icipal waste 0.000
incineration to generic market for
electricity, medium voltage (NL)
Electricity, low voltage, from
Solar PV (roof- electricity production, photovoltaic,
. . . 0.105
panel) 3kWp slanted-roof installation, single-
Si, panel, mounted (NL)
Electricity, low voltage, from
Solar PV (open electricity production, photovoltaic, 0.094 All roof-installed solar panels
ground) 570kWp open ground installation, ’ are assumed to be Mono-Si.
multi-Si (NL)
Electricity, high voltage, from heat No emission factors for
Solid biomass  and power co-generation, biogas, gas 0.209 biomass are available, biogas
engine (NL) is taken as proxy.
Electricity, high voltage, from All on-land wind-turbines are
Wind (onshore) electricity production, wind, 1-3MW 0.014 assumed to be in the 1-3 MW
turbine, onshore (NL) category.
Electricity, high voltage, from
Wind (offshore) electricity production, wind, 1-3MW 0.016
turbine, offshore (NL)
Imoorted The average emission factor of
e . e. - the Dutch grid is used as a
electricity
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Appendix O Additional Results of Sensitivity Analyses

This appendix presents comprehensive results from sensitivity analyses conducted on the
input parameters of the cooling demand model. These analyses were carried out based on
the Status Quo (2020) scenario parameter configuration, which is referred to as the
reference scenario in the figures. The Cooling Demand Model (CDM) was executed 100
times using a sample dataset consisting of 314 buildings, selected to be representative of
the larger building stock comprising 59,381 buildings that the primary results are based
on. During these runs, the independent input parameters were systematically varied
within predefined ranges. For detailed information on the input ranges and a

comprehensive elasticity table, please refer to Table 73.
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Figure 108: The influence of the effective or threshold cooling temperature (left) and the

percentile at which the peak power is capped (right) on absolute impacits.
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Figure 109: The influence of the daytime UHI effect on absolute impacts (left) and the

variation of the impact elasticity across the input parameter range (right).
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Figure 110: The influence of the nighttime UHI effect on impacts—absolute (top-left) and
normalized (top-right)—and the variation of the impact elasticity across the input

parameter range (bottom).
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Figure 111: The influence of the summertime air temperature on absolute environmental
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Figure 112: The influence of the carbon intensity of the electricity grid on absolute

impacts (left), and the variation of the impact elasticity across the input parameter

range (right).
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Figure 113: The influence of summertime solar radiation on absolute impacts (top-left)

and normalized impacts (top-right), and the variation of the impact elasticity across the

input parameter range (bottom).
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Figure 114: The influence of global warming potential of the refrigerants used in cooling
equipment on absolute impacts (top-left) and normalized impacts (top-right), and the

variation of the impact elasticity across the input parameter range (bottom).
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Figure 115: The influence of the indoor lighting intensity on absolute impacts (top-left)

and normalized impacts (top-right), and the variation of the impact elasticity across the

input parameter range (bottom).

It is worth noting that insights gained from the sensitivity analysis on indoor heat gains

from lighting can also be applied to the heat gain from appliances, which typically ranges

between 5 to 15 W/m? in the scenarios, and heat gain from occupants, which averages

between 2.4 (for residential) and 8.4 (for office buildings) W/m?. These values fall within

a similar order of magnitude, making the insights relevant and transferable.
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Figure 116: The influence of the average household size on absolute impacts (top-left)
and normalized impacts (top-right), and the variation of the impact elasticity across the

input parameter range (bottom).
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Figure 117: The influence of office occupancy density on absolute impacts (top-left) and
normalized impacts (top-right), and the variation of the impact elasticity across the

input parameter range (bottom).
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Figure 118: The influence of the average seasonally adjusted energy efficiency (SEER) on
absolute impacts (left) and the variation of the impact elasticity across the input

parameter range (right).
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Figure 119: The influence of the refrigerant leakage rate (measured as % of the installed

charge per year) on absolute impacts (top-left) and normalized impacts (top-right), and

the variation of the impact elasticity across the input parameter range (bottom).
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Figure 120: The influence of the total market penetration rate of cooling equipment
(across the building stock) on absolute impacts (left) and normalized impacts (right).
Note that the elasticities for each of the impact categories are equal to one across the

input parameter range.
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Appendix P Availability of Energy Label Data per Building
Type

This appendix contains a table and visual representation of the distribution of floor space
with and without registered energy data, per building type. This distribution data was
used to extrapolate the impacts — which were calculated on the building stock subset with

energy label data — to the total residential and office building stock of The Hague.

Table 74: Floor space distribution between the building stock with registered energy
labels vs. the building stock without energy label data, per building type.

Floor area of buildings Floor area of buildings
Building type with energy labels (ha) without energy labels (ha)
1: New high-rise residential 116 3
2: Old high-rise residential 284 8
3: New low-rise residential 226 76
4: Old low-rise residential 1,518 442
5: New high-rise office 39 8
6: Old high-rise office 213 38
7: New low-rise office 14 0
8: Old low-rise office 68 36
Total 2,478 611
M Buildings with energy labels Buildings without energy labels

1: New highrise residential
2: Old highrise residential
3: New lowrise residential

4: Old lowrise residential
5: New highrise office

6: Old highrise office

7: New lowrise office

8: Old lowrise office

Total

0% 25% 50% 75% 100%

Share of floor space within the total floor space of each building type

Figure 121: Floor space distribution between the building stock with registered energy
labels vs. the building stock without energy label data, per building type.
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Appendix Q Additional Cooling Demand and Environmental
Impact Model Results

This appendix presents supplementary figures that depict results from the status quo and
future scenarios. It is worth noting that these figures are constructed based on data from
the residential and office building stock with registered energy labels, excluding buildings

lacking such labels.
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Figure 122: Thermal flows and the resulting cooling demand for each of the eight
building types in the residential and office building stock, May - June 2019.
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Figure 123: Thermal flows and the resulting cooling demand for each of the eight
building types, sorted by size across the 2018-2022 reference period.

269



Cooling for Comfort, Warming the World

Appendices

100 A

50

Thermal flow (W/m2)
o

—100 -

100 A

50 4

Thermal flow (W/m2)
o

—100 4

Energy labels: A - A+++++

Energy labels: B - C

Transmission
Infiltration
Ventilation
Solar radiation
Internal heat
—— Cooling demand

Energy labels: D - E

Energy labels: F - G

1] i

T T T T T T T T
0 200 400 600 800 1000 1200 1400
Hour

T T T T T T T T
0 200 400 600 800 1000 1200 1400
Hour

Figure 124: Thermal flows and the resulting cooling demand for buildings in each of the

four energy classes in the residential and office building stock, May - June 2019.
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Figure 125: Thermal flows and the resulting cooling demand for buildings in each of the

four energy classes, sorted by size across the 2018-2022 reference period.
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Figure 126: Thermal flows and the resulting cooling demand for the total residential

and office building stock in The Hague, May - June 2019.
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Figure 127: Thermal flows and the resulting cooling demand for the total residential

and office building stock in The Hague, sorted by size across the 2018-2022 reference

period.
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Figure 128: Peak cooling power demand intensity and 98t percentile of cooling power

demand intensity for each building type, in the Status Quo (2020) scenario.

B Cooling energy demand Cooling energy demand, capped at 98th percentile [l Electricity use

1: New highrise residential |

2: Old highrise residential [~

3: New lowrise residential |~

4: Old lowrise residential [~

5: New highrise office

Building type

6: Old highrise office

7: New lowrise office

8: Old lowrise office

50 100 150

Energy intensity (kWh/m2)

Figure 129: Total and capped cooling energy demand intensity and realized electricity

use intensity for each building type, in the Status Quo (2020) scenario.
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Figure 130: Effective SEER (electricity use per cooling energy demand) for each building
type, in the Status Quo (2020) scenario.
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Table 75: Life cycle analysis results on ventilation system with heat exchangers.

Product Production-phase

EoL-phase
carbon intensity

ADP (kg CSI (kg Si-

mass carbon intensity
Product (kg) (kg CO2-eq/kg) (kg CO2-eq/’kg) Sb-eq/kg) eq/kg)

1: tral tilati

centrat ventriation 1,410 3.97 0.38 2.08104 1,352
system, polyethylene ducts
2: central ventilation 2,300 412 0.19 3.12-104 1,891
system, steel ducts

:d tralized tilati

3: decentralized ventilation | ) .5 4.23 0.39 2.2510 1,388
system, polyethylene ducts
4: decentralized ventilation 2,522 497 0.21 313104 1,868
system, steel ducts
Average 1,966 4.15 0.30 2.64 104 1,625
Standard deviation 530 0.13 0.11 5.57-10% 295

B Cooling energy demand [l Electricity use

1: New highrise residential g

2: Old highrise residential g

3: New lowrise residential |y

4: Old lowrise residential g

5: New highrise office
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8: Old lowrise office
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Figure 131: Total cooling energy demand and the resulting electricity use by building
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Figure 132: Material use intensity of installed cooling equipment stock by building type
in the status quo (2020) model for The Hague.
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Figure 133: GHG emission intensity per building type in the Status Quo (2020) model.
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Figure 134: Spatial distribution of environmental impacts of cooling in the Status Quo

(2020) scenario.
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Figure 135: Contribution analysis of energy label classes across key impact metrics in

the Status Quo (2020) scenario.
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Figure 136: Thermal flows for varying building types during a heatwave, 2030 scenario.
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Figure 137: Thermal flows for varying building types during a heatwave, 2050-L
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Figure 138: Thermal flows for varying building types during a heatwave, 2050 M

scenario.
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Figure 139: Thermal flows for varying building types during a heatwave, 2050-H
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Figure 140: Annual cooling demand load for varying building types, 2030 scenario.
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Figure 141: Annual cooling demand load for varying building types, 2050-L scenario.

Building type: 1 (New highrise residential) Building type: 2 (Old highrise residential)

Building type: 3 (New lowrise residential)

Building type: 4 (Old lowrise residential)

—— Cooling energy demand

7 == Cooling energy demand, sorted
~=- 98th percentile of cooling demand
60 —— Cooling energy demand, capped

g

Cooling demand (Wh/m2)
8 &

N
s

Building type: 5 (New highrise office) Building type: 6 (Old highrise office)

Building type: 7 (New lowrise office)

Building type: 8 (Old lowrise office)

Cooling demand (Wh/m2)

4000 6000
Hour Hour

4000 6000
Hour

6000

Figure 142: Annual cooling demand load for varying building types, 2050 M scenario.

278



Cooling for Comfort, Warming the World

Appendices

Cooling demand (Wh/m2)

Cooling demand (Wh/m2)

Building type: 1 (New highrise residential)

Building type: 2 (Old highrise

Building type: 3 (New lowrise

Building type: 4 (Old lowrise

—— Cooling energy demand

== Cooling energy demand, sorted
~=-- 98th percentile of cooling demand
—— Cooling energy demand, capped

3
3

a
g

g

8

8

»
S

Building type: 5 (New highrise office)

Building type: 6 (Old highrise office)

Building type: 7 (New lowrise office)

Building type: 8 (Old lowrise office)

a
8

g

8

8

N
s

5

°

2000 4000 6000 8000
Hour

2000 4000 6000 8000
Hour

A

2000 4000 6000 8000
Hour.

2000 4000 6000 8000
Hour.

Figure 143: Annual cooling demand load for varying building types, 2050-H scenario.
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Figure 144: Cooling energy demand intensity (capped) per building type, across

scenarios.
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Figure 145: Peak cooling power demand intensity (capped) per building type, across

scenarios.
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Figure 146: Electricity use intensity per building type, across scenarios.
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Figure 147: Ratio of total cooling demand to electricity use (effective SEER) per building

type, across scenarios.
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Figure 148: Material demand use intensities per building type, across scenarios.
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Table 76: Annualized material demand and related environmental impact metrics of the

modeled cooling equipment stock for all scenarios.

Scenario Material demand (tonne) ADP (kg Sbh-eq) CSI (kt Si-eq)
SQ (2020) 232 58 365
2030 356 92 576
2050-L 627 164 1,022
2050-M 684 181 1,128
2050-H 824 218 1,361
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Figure 149: GHG emission demand intensities per building type, across scenarios.
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Figure 150: Relative share of building types in floor space and key impact metrics,

across scenarios.
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Appendix R Detailed Extrapolation Results

This appendix presents the cooling demand and environmental impact for three building

stock sets, for each scenario:

e The results for the building stock with energy label data, i.e., the base building
subset for which the cooling demand model was used to calculate impacts.

e [Extrapolations of the impacts over the building stock lacking energy label data.

e The overall cumulative impacts for the entire residential and office building stock

of The Hague.
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