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HIGHLIGHTS

+ The cooling energy demand will amount to 0.2-0.4 TWh annually in The Netherlands by 2050.
+ Residential cooling can amount to 2.5% of the yearly cooling demand on a single day.

+ Adoptions of over 40% of heat pumps cause voltage instability in low-voltage networks.

» The demand for e-cooling might increase prices in the Dutch energy market during heat waves.
+ The demand for e-cooling increases revenue for RES generators and decreases it for batteries.
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Heat pump adoption of heat pumps, the effects of residential e-cooling demand are expected to rise sharply

Energy market in the upcoming decades. First, a thermodynamic model of different Dutch residential buildings
described the magnitude and patterns of residential E-cooling. Second, the effects of E-cooling
on the distribution network were tested using the IEEE 906-bus European LV network. Third,
a country-wide simulation of the effect of residential E-cooling on the energy market was done
in Plexos© from 2025 to 2050. The results showed a doubling of the cooling demand between
2025 and 2030 and a maximum annual cooling demand of approximately 0.4 TWh. In addition,
it was shown how the demand for residential cooling could decrease local power quality when
more than 40 % of households actively cool their houses simultaneously, increasing network
costs. Finally, it was also proven how power prices could increase due to higher demand and
how revenue for specific generation components could double or decrease by 20% during heat
waves when accounting for residential E-cooling demand.

Nomenclature

Abbreviations

CBS Dutch Central Bureau of Statistics
COP Coefficient of performance
E-cooling Electric cooling

GT Global transition

HP Heat pump

KNMI Royal Dutch Meteorological Institute
LI Local independence

SP Stated pledges

WWR Window-to-wall ratio

1. Introduction

The temperature in the Netherlands is rapidly increasing due to global carbon emissions. The climate warming stripes provided
by [1] reveal a notable increase in average yearly temperature, particularly from the 1990s, changing from temperatures below 9 °C
until the 1940s to over 11 °C by 2020. By 2016, the residential spatial heating demand in the Netherlands amounted to 85 TWh/year
compared to 0.2 TWh/year of spatial cooling demand [2]. However, due to the aforementioned warming of the Dutch climate, it
can be expected that the spatial heating demand will decrease. Opposed to this, the spatial cooling demand, currently very small,
will likely increase significantly. To solve this, many households are buying heat pumps to satisfy their cooling demand.

Currently, around 17% of Dutch households have air-air heat pumps (HPs) [3]. The absolute amount of air-water-based and
air-air-based heat pumps in the Netherlands has increased exponentially in the last five years, as shown in Fig. 1. In particular,
the number of air-air-based heat pumps, which often can be used for electric cooling (E-cooling), is increasing at a rapid rate.
However, little is known about the magnitude of future cooling demand and its impact on the Dutch electricity grid nor on the
Dutch energy market. Some studies have been conducted to uncover the magnitude of future cooling demand. However, these were
performed using questionnaires [4] and are not based on physical data. Other reports are based mainly on USA data that are not
necessarily transferable to the Netherlands [5]. In addition, some papers on this subject oversimplified the effects of solar irradiance
or assumed a single-building type, creating an oversimplified model [6,7], instead of considering the infrastructure diversity for
residential buildings, such as individual houses, (semi-)detached houses, terraced houses, or apartment buildings. At the time of
writing and to the best knowledge of the authors, no single study has been performed on the magnitude of future Dutch residential
spatial cooling demand and the effects on the Dutch grid.

1.1. Relevant literature

The energy transition aims to minimize the usage of fossil-fuels from the energy matrix. From a thermal comfort perspective
at the residential level, the heating demand has been traditionally supplied by gas boilers, while the cooling demand is supplied
by electric air conditioning systems. Also, there are regions typically supply only one of those demands at the residential level.
For instance, Northern Europe households rarely have cooling systems, as the frequency of high temperatures is not enough to
justify the acquisition of such systems [2]. Nevertheless, the global warming and the heat island effect has consistently increased
the temperatures in cities [8]. In addition, heat pumps have been widely accepted as electric heating devices, which can also meet
cooling demands, giving the option to also cool indoor spaces, creating a new energy demand in some markets.

From a modelling perspective, the same models used to estimate the heating demand can be used for cooling demand, given
they consider the indoor, outdoor and desired temperature. In this regard, there are many works in the literature focused in
estimating the thermal loads. To elucidate in the most relevant variables required to construct building thermal models, [9] used



J. de Wind et al. Case Studies in Thermal Engineering 73 (2025) 106469

1.2 4 —— Air-to-air based HP
Air-to-water based HP

1.0 A

0.8 A

0.6 -

0.4

0.2 A

Amount of residential HP in millions

0.0 -

2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
Year

Fig. 1. The absolute amount of two types of heat pumps in the residential sector in the Netherlands according to the Dutch Central Bureau for Statistics [3].

model-based recursive partitioning to create decision tree models to understand the relevance of different variables associated
with residential energy consumption. The model was trained using data from the 2020 Residential Energy Consumption Survey,
concluding that, for heating and cooling, the type of climate, the construction year, the insulation (particularly in windows) and
the type of heating/cooling system are the most influential variables. Therefore, a good model to estimate the thermal load, must
consider some, if not all, of those variables to create a realistic representation of the thermal demand. Some analytical models,
such as the one in [10] provide an open-access mathematical framework in Python to model a residential building, based on the
thermodynamic interactions between indoor and outdoor and a geometric description of the building. However, their work focused
only in heating, and neglected phenomena that would eventually increase the cooling demand, for instance, heating through the
windows due to radiation. Similar analytical methods, based on the heat balance method proposed by the ASHRAE, are used in
commercial software such as EnergyPlus© and TRNSYSOto create representative buildings, but without providing a lot of flexibility
to make detailed changes in the model [11].

Other non-analytical methods have been proposed in the literature to avoid describing the buildings from a geometric and
thermodynamic perspective using directly load demand. In [12], for instance, a complex neural network was used to forecast multi-
energy loads for the next hour, in particular heating, cooling and electric loads, using data from the Arizona State University’s
Tempe campus, achieving mean absolute percentage errors between 1.7% and 4.7%. However, three years of historical data of
the load consumption and meteorological data was required to train the model. Similarly, [13] used Improved complete ensemble
empirical mode decomposition with adaptive noise, combined with fuzzy dispersion entropy, over-zero rate, successive variational
mode decomposition, multiple linear regression, temporal convolutional network and multi-head attention to predict electric, cooling
and heating loads, using data for the year 2020, also from the Arizona State University’s Tempe campus, and weather data from the
Phoenix International Airport. Their method was capable of predicting 9 h ahead with a mean absolute percentage error between
0.85% and 1.95%. In [14], a long short-term memory network model, combined with a convolutional neural network model and
harmony search optimized light gradient boosting machine was used to predict the electric, heating and cooling demand. The load
data used was from the Arizona State University’s Tempe campus and the meteorological data was retrieved from the National
Renewable Energy Laboratory of the United States, achieving a mean absolute percentage error of 4.38%.

With respect to the electric component of the electric cooling systems, the literature focuses on optimizing the utilization of the
heating or cooling systems based on price, such as [15,16]. On the local perspective, some works have studied alternatives to generate
locally to compensate for the additional energy demand required for electric cooling with renewable sources. For instance, [17] used
survey data from the USA Energy Information Administration to size systems capable of compensating the demand requirements
of space cooling in commercial buildings between 902 and 900 m? with PV systems. Their conclusions suggest that, energy-wise,
the compensation is possible, but there is a mismatch between the generation and the cooling demand, which can create challenges
for the distribution networks. Considering that the operation principle of electric cooling is comparable to the electric heating,
some works have focused on studying the effects of heat pumps in the distribution networks. For instance, [18] compared the
effect of aggregated and non-aggregated under different adoption scenarios in a real low-voltage 301-node distribution network
in the Netherlands. For the non-aggregated scenario, the network can accommodate adoptions between 20% and 40%, while the
aggregated scenarios surpass the 60%. These results are consistent with other works, which suggest that major reinforcements are
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required for higher adoptions of heat pumps used to heat during winter, but that can also supply cooling demand during summer.
For example, [19] concluded that, in Germany, energy sharing strategies can reduce energy costs by up to 80% and transformer
loading by up to 68%, and [20] demonstrated that residential multi-carrier systems can participate in the congestion management
at low-voltage distribution networks. However, deeper analysis are still needed from a voltage stability point of view.

Despite the yearly energy demand for electric cooling might not be considerable in many countries in Northern Europe, where
this research is focused, it is worth mentioning that most of that cooling demand happens in short time frames, which might affect
the energy market. The work in [21] show that demand profiles with high peaks in summer can increase costs by 8% in the
European energy market, and [22] demonstrated that OECD countries have consistently high higher cooling electricity requirements.
Considering that the cooling demand would be concentrated in summer, a potential effect on the energy market might arise.

1.2. Contribution

Based on the literature review done in Section 1.1, the research gaps found are:

many studies focus on the effects of residential heating electrification as part of the energy transition, however, little attention
is given to the effect cooling electrification, particularly in Northern Europe,

many studies assume all houses equal instead of considering or approximating the variable sizes, configurations and
characteristics present in a region or country, or use direct load to create non-analytical models, which is hard to acquire
and generalize for different types of buildings, and

very few studies have considered the effect of electric cooling into the energy market, given the very low magnitude in
the yearly basis compared to other demands; nonetheless, the cooling demand is concentrated in shorter periods per year,
increasing the relative share of the energy demand for cooling.

In this work, we modelled different types of houses and the proportion of each type in the overall Dutch house market, and
considered three different adoption scenarios of electric cooling. Therefore, the contributions of this paper are

» an estimation of the energy demand for residential electric cooling in the Netherlands, for three adoption scenarios, until 2050,
considering the different types of residential buildings,

» a study on the impact of residential electric cooling on the low-voltage distribution network for three different adoption
scenarios and penetration levels, and

+ an analysis on the impact of the increased energy demand caused by residential electric cooling in the Dutch energy market
for three adoption scenarios, including revenue changes in solar generation and battery storage.

To achieve the previous contributions, the following methodology was used. First, we conducted a study on the current housing
stock in the Netherlands to determine a more accurate distribution of the types of residential building. Then, we adapted an existing
analytical model to account for cooling demand the four main types of buildings in the Netherlands; this way, estimated the current
cooling demand of the Netherlands. To project the cooling demand until 2050, we used three different adoption scenarios of electric
cooling systems. Afterwards, two separate analyses were done. On the one hand, we simulated the IEEE 906-bus European Network
on Python to evaluate the effect residential cooling would on the voltage in a low-voltage distribution network for different adoption
scenarios and ownership percentages. On the other hand, we simulated the Dutch energy market during a heat wave using the
software Plexos©, analysing the changes in energy price and revenue of solar and battery energy storage systems.

1.3. Case study

This work addresses two challenges produced by residential E-cooling: congestion on the distribution networks and changes in
the overall energy market. Thus, this section provides the conditions considered for each case, including the method used to estimate
the Dutch country-wide cooling demand.

1.3.1. Cooling demand in The Netherlands

We considered four different types of residential buildings for our E-cooling model: stand-alone houses, semi-detached houses,
terraced houses and apartments. All are considered to have different building parameters. In addition, we considered if the terraced
houses are in the corner or middle of the building. To account for the different characteristics per type of house, we first determined
the dimensions of the houses. Then, the average k-value and c-value of the houses are determined from the respective building type.
Later, we estimated the infiltration rate for each type of building was determined. Finally, the resulting thermal load was translated
into electric demand by using a heat pump controlled by a thermostat.

The surface area of the buildings was determined using demographic information from [23,24]. The information available
provides an overview of the number and area per house type. To avoid simulating every house, we evaluated the distribution
of area per house type and used the mean value to create a representative area per house type. The dimensions of the buildings
are then estimated from the surface area. The surface area (per floor), nges, is determined from the dimensions of the building
together with the thickness of the walls using

A= (W_z'dwall) : (L_z'dwall) * Pstories » (€D)
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Table 1

Parameters used for each building type.
Parameter Stand-alone Semi-detached Terraced Apartment Units
Surface area 190 144 127 88 m?
Amount of stories 3 3 2 1 -
Length 10 9 10 12 m
Width 7 6 7 8 m
Height 9 9 6 3 m
WWR 0.3 0.3 0.3 0.4 -
Window area front/back 18.9 16.2 12.6 9.6 m2
Window area sides 27 24.3 - - m?
R-value window [26] 0.39 0.5 0.48 0.55 m?K/W
R-value wall [26] 1.66 2.42 2.45 2.72 m2K/W
k-value window [26] 0.13 0.1 0.1 0.09 W/(K-m)
k-value wall [26] 0.12 0.08 0.08 0.07 W/(K-m)
c-value window [26] 58 45 47 41 W/(kg-K)
c-value wall [26] 240 165 163 147 W/(kg-K)
Infiltration rate [27]? 0.5 0.4 0.42/0.4 0.39 dm3/(s-m?)
Conditioning percentage® 20 26 23/26 46 %
HP thermal power?® 9.3 7.0 6.0/5.1 3.6 kw

2 The values are given for the corner and middle house, respectively.

where W and L are the width and length of the house, and the wall thickness d,; is assumed to be 20 cm. Stand-alone and
semi-detached houses are both assumed to have three stories, while terraced apartments are assumed to have two and one story,
respectively. A single story is assumed to have a height of 3 m, from which the height of all types of buildings can be determined.
Similarly, it is assumed that not all the house is heated simultaneously, so a conditioning percentage was considered per building
typ&he window surface area for each type of building was estimated by assuming a commonly used assumption for the window-to-
wall ratio (WWR). Usually, the WWR is assumed to be around 0.3 in the Netherlands [25]. In this model, the assumption is also used
except for apartment buildings where a slightly higher WWR is assumed due to the low amount of bare walls and the subsequent
need for more natural light from the remaining bare walls. Since not all exterior walls have windows; the WWR is applied only to
exterior walls that are assumed to have windows. For all types of buildings, it is assumed that the roof does not have windows. All
other walls that are not shared by a neighbouring house are assumed to have windows except the side walls for terraced houses
and apartments. An overview of all dimensions of each type of building and window area can be seen in Table 1.

The k-value and c-value were then determined from [23]. The construction year of the building often gives an indication of the
materials used for walls and windows and the types of layout for the walls and windows (i.e., cavity walls). The construction year
was then linked to an average R-value. By linking historic average R-values with building eras, the weighted average R-value of
the whole building stock can be estimated per building type [28]. The R-value was then converted into the k-value and c-value
according to

Lwall/ ‘window )

R

k=

and
=k 3
pra
respectively, where L stands for the thickness of the wall or windows. The p is the density and the « is the thermal diffusivity of the
material. The thermal diffusivity for the windows was taken from [29]. For the walls, a combination of bricks and the insolation
material XPS was used to approximate the values for an insulated wall [29]. The resulting k-value and c-value for each type of
building are shown in Table 1.

The infiltration rate was then determined for each type of building. The work in [27] provided an extensive study of infiltration
rates for Dutch houses. The study was done for 320 Dutch dwellings, including different building types and construction years.
The pressurization test at a pressure difference of 10 Pa was used, following the respective technical standards (NEN 2686, NEN-
EN 13829 and NEN-EN-ISO 9972). Additional measurements at 50 Pa were also used. For this work, we used the average value of
the distributions for the representative building per type. The used values are shown in Table 1. The orientation of the buildings also
influences the amount of solar irradiation incident on the building. In this work, we assumed that all houses are oriented straight
south (azimuth 0), and all corners have an angle of 90 °, meaning that all other facades face another cardinal direction.

Once the hourly thermal demand is determined, it is converted into electrical demand to simulate its impact on the power market.
For this work, we used heat pumps to supply the thermal demand, using the relationship provided by [30] to calculate the HP COP
as

COP =3.09—0.075 - Ty, +0.024 - RH , @

where T, is the ambient temperature and RH is the relative humidity. The ambient temperature was obtained from the KNMI and
the RH was assumed to be 85%. In addition, three thermostat operation modes were considered to control the heat pump. First, a
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Table 2
Parameters used for each scenario.
Scenario Heat pump operation mode percentage
No constraint Hard constraint Soft constraint
Local Independence (LD 20 20 60
Stated Pledges (SP) 20 60 20
Global Transition (GT) 80 10 10
80 1
70 4
_. 601
<
o 50 1
%
5 404
s
© 30 1
Q
< .
20 1 —— Local independance
Global transition
101 Stated Pledges
04 —— Historic air-air HP ownership

2010 2015 2020 2025 2030 2035 2040 2045 2050
Year

Fig. 2. The three S-curves for the air-air-based heat pump ownership together with the historical ownership.

no constraint mode, where heating or cooling is allowed at any given time during the day. Second, the hard constraint mode allows
the logic to only heat or cool during the given time slots (in this work, between 7:00 and 9:00 and 17:00 and 22:00). Third, the
soft constraint mode allows to change the reference temperatures of the logic based on the same time slots; this will cause increased
heating or cooling to occur during the time slots and less heating or cooling outside of the time slot. Two reference temperatures
are given, a heating reference temperature (18 °C in this work) and a cooling reference temperature (22 °C in this work). For the
soft constraints two more reference temperatures are added to the logic, 15 °C for heating and 24 °C for cooling.

Three different scenarios were considered for the simulations, based on the ENTSO-E’s 10-year network development plan
(TYNDP) and different consumer-based energy market forecasts. The Stated Pledges (SP) scenario gives a business-as-usual outlook,
following the current Dutch energy transition adoption trends. The Local Independence (LI) scenario gives a distributed, country-wide
individual-based system, to achieve carbon neutrality by 2050 and at least reduce carbon emissions by 55% by 2030 but assuming
that the import of energy on the European continent is not allowed, relying instead on the willingness of local initiatives to achieve
a global goal. The Global Transition (GT) scenario gives the opposite view from Local Independence with a unified and cooperative
European energy network. However, this scenario is based on economies of scale and aims to achieve these goals by investing in
centralized low-carbon solutions that allow for the imports of energy on the European continent. All scenarios assume net zero
carbon emissions in 2050 and would adhere to the 1.5 °C climate-warming Paris Climate Accord. The projected adoption of heat
pumps for cooling (AC%) associated with those scenarios until 2050 is 60%, 80% and 40%, respectively, as shown in Fig. 2, which
is given by

Sat

ACT = s (5)

where Sat is the expected saturation adoption by 2050, k is the slope coefficient that defines the steepness of the curve, x, is the year
corresponding to the midpoint of the S-curve, and x is the year of interest. The adoption scenarios considered by Eneco consider
that, as the technology is maturing, its adoption rate is higher thanks to favourable policies and decreasing prices, rapidly increasing
the ownership. After some time, the adoption rate decreases to a relatively stable ownership condition. Table 2 provides the final
distribution of operation modes per each scenario, considering the ownership projections shown in Fig. 2. Similarly, to account for
the temperature increase over the projected period, we considered a linear yearly increase in temperature, from 2012 to 2050 of
1.5 °C.

1.3.2. Low-voltage distribution network

The effect on the local low-voltage grid is determined by simulating the IEEE low-voltage three-phase grid in Python using Power
Pandas. The IEEE low-voltage grid is a standardized European residential grid rated at 416 V serviced by a 0.8 MVA medium-voltage
to low-voltage transformer [31,32]. The grid consists of 906 buses and 55 standardized single-phase loads, to which the E-cooling
demand is added. All buses, loads and lines contain geographical information that results in the grid shown in Fig. 3(a). An example
of the standard load for residential homes without E-cooling in the IEEE grid can be observed in Fig. 3(b). The cooling demand
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Fig. 3. a. Layout of the IEEE 906-bus low-voltage network, b. An example of the standard IEEE residential loads (load 39).

is summed with the standard load; the average cooling demand of all types of buildings is taken. Depending on the heat pump
ownership percentage of the simulation, the cooling demand is only added to randomly chosen loads. We considered an uniform
random selection function from Python.

Then, solar generation is added randomly to 30% of the load buses (using the same selection function as the HP adoption), based
on the current Dutch residential PV adoption [33]. The average amount of installed photovoltaic (PV) modules per household is 10
to 12 [34]; in this work, we considered that every household has 12 modules. Each module is assumed to have a rated power of
315 W per (the characteristics for a single panel were obtained from [35]), and data from the Royal Dutch Meteorological Institute
was used to calculate the PV power production [36].

The grid is simulated for one heat wave in 2020 between the 4th and 10th of August. The seven days are simulated with
10 min intervals in order to test compliance with EN50160 regulations. The European standard states, among others, that the 10-min
interval RMS voltage magnitude cannot variate more than 10% for 95% of the measured intervals for the total of the low-voltage
and medium-voltage grid [37]. Usually, this means that the low-voltage part of the grid is responsible for half of the variation, so
it cannot deviate more than 5% for 95% of the time. In addition to this, the voltage magnitude can never drop more than 15%
according to EN50160 [37].

1.3.3. Dutch energy market

We considered the number of buildings per building type to scale the cooling demand from individual homes to the national
level. The Dutch Central Bureau of Statistics (CBS) provides data on current building stock by type. However, this data set reflects
the current situation and does not account for potential future growth in building stock. To address this, the growth in the number
of buildings was linked to projected population growth in the Netherlands. The CBS also offers population growth estimates for
the coming decades. By dividing the current building stock by the current population, the number of buildings per inhabitant was
calculated. Then, this ratio was applied annually, multiplying it by the expected population growth to estimate the expansion of the
building stock for each building type in future years. Finally, to calculate the national residential cooling demand, the individual
cooling demand per building type is multiplied by the ownership percentage of air-to-air-based heat pumps and the building stock
of each building type for that year. This yields the total annual cooling demand for each type of building. By adding the cooling
demand across all types of buildings, the total nationwide residential cooling demand is obtained.

After the physical effects of the cooling demand were determined, the direct economic effect was determined. The simulations
were done during a heat wave between the 13th and 20th of August. To estimate the country-wide cooling demand, simulations of
the different types of buildings where done, based on demographic information available on the type and number of such buildings
in the country. The simulations of the Dutch energy market were performed in the software Plexos©, excluding the effect of the
neighbouring countries. The specific years selected for the simulation are 2026, 2028, 2030, 2035, 2040, and 2050. Furthermore,
the cooling demand varies over the years, depending on the scenario being simulated. Plexos© is not able to input the electric
cooling demand directly; therefore, a participation factor, calculated as the inverse of the COP, is used to calculate the electric
energy consumed to supply the E-cooling demand and sum it to the base demand.

Two different analyses were performed: the market price influences and the asset revenue influences. First, the market price is
investigated using the hourly day-ahead market price, and the prices are ranked for every simulation to determine the influence of
cooling on market prices. Next, 30% of the cooling demand is removed from the model and readded as a flexible demand source.
The software is capable of dispatching the demand automatically in the most price-optimal way. The analysis is then repeated for the
flexible cooling to compare the base-case static cooling and flexible cooling market prices with the no-cooling simulation. Second, the
revenues for different sustainable generation technologies are investigated, and the difference in revenue compared to the scenario
without cooling was determined to uncover whether the business cases of certain technologies change with the introduction of
cooling. Asset revenue was specifically looked at for the simulated week. The revenue of each asset was then compared with that
of the base case without any cooling.
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Table 3
Equations used for the heat transfer coefficients.
Parameter Symbol Equation
Radiative heat transfer coefficient Nraa =c-o-(T}+T})- (T, +T)
. _ 0.25
Sky temperature (Swinbank model) Ty = [(9284 et T2 ) ]  Tomb
Conductive heat transfer coefficient Reona = %
57+38- if v<5
Convective heat transfer coefficient (McAdam model) Regny B v v
647+ 008 if v>5

2. Buildings thermodynamic modelling

The heat transfer mechanisms considered for the thermodynamic model of a house are shown in Fig. 4. This means that the
cavity walls of double- or triple-glazed windows are not thermodynamically modelled during the simulations, but we calculated
the k-values and c-values for double- and triple-glazed windows. The simplification assumption is made to reduce the simulations’
computational cost. In addition, the average of the k-value and c-value were taken for each type of building. All energy streams are
added to each other to determine the net heat transfer. The temperatures of all windows and walls are determined individually per
side of the building, and the temperature on the outside and inside is determined via the heat balance. This way, the overall heat
balance for the inside and outside of the window or wall is, respectively

At - A
Tout,i = 1oy, + m . [(1 “G+ Aoy - (Tamb - Tout,(i-l))

(6)
+hradout * (Teey = Tout,a-1)) + Heond * (Tin,o1) — Tout6ion))]
At - A
Tini = Tini) + e [Pcond * (Tout,6-1) — Tinygi1)) o

+heonv,in * (Tinside,i-1) = Tiny(i-1)) + Pradyin * (Tinside,-1) = Tinyi-n))|

The heat transfer coefficients are calculated using the correlations described in [10], and summarized in Table 3. The indoor
temperature of the house Tj,4. is obtained from the preceding calculation step and the ambient temperature 7, is obtained using
the Royal Dutch Meteorological Institute (KNMI) weather data for the current time step. In these equations, T;, and T, are the
internal and external surface temperature of the walls, respectively, Ty, is the sky temperature, Ar denotes the time interval between
consecutive steps (in seconds), A represents the surface area of the object, m is its mass and ¢ denotes its specific heat capacity (in
[J/(kg K)1). Furthermore, « and G represent the absorptivity of the object and the solar irradiance on its surface, respectively. Also,
e is the emissivity, o is the Stefan—-Boltzmann constant, k is the material conductivity, L is the with of the wall, window or roof and
v is the wind speed. h¢yng, heony and hp,q are the conductive, convective and radiative heat transfer coefficients.

The internal temperature of the wall and windows then influence the heat transfer that flows into the building. Thus, the heat
flow into the building is

Qinternal,i =A-4Ar- [hconv,in . (Tin,(i-l) - Tinside,(i-l)) + hrad,in . <Tin,(i-l) - Tinside,(i-l))] (8)

the value is then added to the equations for the inside temperature shown in (9). In the equation, the heat transfer coefficients hold
as in the calculation for the internal surface temperature.
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Fig. 5. (a): The resulting daily pattern of the three thermostat operation modes. (b): The resulting daily pattern of the three scenarios.

Residential buildings have internal heat sources. The occupants and heat generation appliances like stoves, ovens and incan-
descent lighting increase the temperature indoors. We assumed houses with highly efficient appliances, induction cooking and LED
lighting; thus, internal heat gains can be neglected in this case [38].

The final equation for the heat transfer effects is shown in Eq. (9). As explained, the three different sources of heat transfer
are summarized. After this, it is divided by the volumetric heat capacity c,;, [J/(m’K)] times the volume of the inside air (V).
The resulting amount is the temperature change compared to the last time step; thus, this is then added to the temperature of the
previous time step.

Qwindow + Qwall + Qsolar

Tins,i = Tipsji1 + 1%
air * Cair 9)
2
T _ Qwindow + Qwall + Awindow * Tsolar * 7
ins,i = fins,i-1 + V. c

air * Cair

where Tj, is the instantaneous indoor temperature, Oyindows Qwall ad Ogolar represent the thermal energy provided from the
windows, walls and solar irradiance, respectively, A,indow iS the area of the window, I, is the irradiance, 7 is the window
transmittance

3. Results and discussion
3.1. Cooling demand in The Netherlands

To extrapolate the cooling demand to the future, one must determine the hourly demand profile for the reference year. As
mentioned, this was done by combining the different thermostat operation modes for each scenario, as shown in Table 2. These
ratios were chosen to reflect the underlying idea of each scenario. The resulting daily patterns corresponding to each mode are
shown in Fig. 5(a). The hard-constraint mode, which aligns with current gas boiler trends, does not exhibit cooling demand outside
of given cooling periods. However, it experiences a significant spike in usage during peak load times, as is currently common; this
will put a strain on the grid. Opposed to this, the hourly pattern of no-constraint shows a parabolic-like distribution throughout the
middle of the day, when usually renewable generation is at its highest. The no-constraint mode can be expected to generate less
strain on the grid and could be seen as a form of demand-side response because of this. Finally, the soft constraint mode shows a
mixture between both the aforementioned results, as it is allowed to have some cooling during the day; a lower parabolic-like pattern
is observed, and a lower demand peak during peak loads is observed. The resulting hourly patterns of the scenario types are shown
in Fig. 5(b). As illustrated, the Stated Pledges scenario has the largest spike in demand, as this scenario reflects the business-as-usual
situation in the future. The Global Transition shows a pattern with the least strain on the grid as a society-oriented change is aimed
at in this scenario.

We projected the cooling demand for 2024 to 2050 for each type of building separately and then summed to the yearly cooling
demand. The determined annual thermal cooling demands for each type of building are shown in Fig. 6(a). As can be observed, the
stand-alone houses consume around double the amount of cooling than the next building type, semi-detached houses. The double
consumption of stand-alone buildings is due to the large exposed surface area of the building and the high infiltration rate. In
addition, the insulation values of the stand-alone buildings are slightly worse than the other types of buildings. Finally, the overall
size of the building is also larger than any of the other types of buildings. All of the aforementioned reasons cause significantly
higher cooling demand in stand-alone houses. In addition, the increasing trend in the graph indicates the increase in temperature
due to climate change. The weather data has rising temperatures until 2050, as explained before. The weather data has a linear
increase in temperature until a global increase in temperature of 1.5 °C is reached in 2050 compared to 2012.

To determine the country-wide cooling demand, we scaled up the model built in previous steps. Two scaling factors are taken
into account as explained in Section 1.3.1. The air-air-based heat pump ownership percentages over the years, and the number and
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Fig. 6. (a): The total yearly thermal cooling demand per house type for an individual house between 2024-2050. (b): The total yearly thermal cooling demand
per scenario between 2024-2050. (c): The total yearly electric cooling demand per scenario between 2024-2050.

growth of buildings in the Netherlands. The total thermal demand for each scenario until 2050 is demonstrated in Fig. 6(b). A steep
initial growth is observed until the mid-2030s, mainly due to the rapid adoption of air-air-based heat pumps, as shown in Fig. 2.
After this period, the main growth seen in the graph is due to the growth of the building stock and the growing cooling demand
per household due to climate warming. The distinction between the scenarios is caused mainly by the difference in the growth of
air-air-based heat pump ownerships. In the S-curves, the saturation value for each scenario is different, causing a different final
yearly thermal cooling demand for each scenario.

To determine the electric cooling demand from the thermal cooling demand, the hourly thermal demand was divided by the
hourly COP. The final yearly electric cooling demand can be observed per scenario in Fig. 6(c). The electric demand follows a pattern
similar to the thermal demand shown before. With a strong increase until the mid-2030s and a plateau after for each scenario.
Nevertheless, an observable difference between the thermal demand and the electric demand is the fluctuations in demand in the
last 15-year period. The fluctuations were most likely caused by the temperature fluctuations over the year, yielding slightly different
results. In addition, the final electric demand was based on the hourly thermal and COP demand, whereas the thermal demand was
based on daily demand. This would increase the fluctuations in demand on a daily basis influencing the yearly total demand.

The final electric cooling demand for the highest scenario (Local Independence) resulted in an electric demand of around
0.4 TWh/year after 2035. The only other report that estimates the Dutch residential cooling demand, estimates around 1.1 TWh/year
in 2030 [4], so this work lies lower. Furthermore, total electricity use in 2020 in the Netherlands amounted to 108 TWh/year,
according to CBS. The cooling demand seems to be insignificant compared to the overall electricity demand. However, the cooling
demand is erratic and unpredictable. The daily contributions of the cooling demand can go up to 2.5% of the annual demand, which
is approximately 10 GWh on a single day compared to 300 GWh of the average country-wide daily electricity demand.

3.2. Low-voltage distribution network
After determining the magnitude of the cooling demand, the effects of cooling on the physical grid, particularly in the voltage
stability, were investigated. The IEEE 906-bus European LV network was then simulated for the heat wave week for all scenarios

and heat pump ownership percentages. The root mean square (RMS) voltage magnitude was recovered for the 10 min intervals from
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Fig. 7. A box-plot distribution of the voltage magnitude in bus 633 in per unit values for different scenarios and heat pump ownership percentages (LI = Local
Independence, GT = Global Transition, SP = Stated Pledges).

the lowest voltage magnitude bus. Bus 633 is the bus with the lowest voltages in the low-voltage grid; therefore, it was chosen for
the analysis. The voltage magnitudes are plotted for the entire week for the 10 min intervals in Fig. 7. The whiskers of the box plot
are then set at 95% of the samples to easily see whether the grid adheres to the EN50160 regulations, while providing an overview
of the spread of the voltage magnitude.

The base case without any cooling shows clear adherence to European regulations. For all remaining simulations with cooling,
the power quality deteriorates visibly, and the spread increases downwards and has more outliers. The increase in spread is due to
the increase in peak demand as a result of cooling demands. As can be seen, increasing ownership of heat pumps for each scenario
drastically reduces the voltage in the network. The increase in the percentage of ownership of heat pumps causes greater peak
demand as more households have a heat pump that they will use simultaneously. There appears to be a linear correlation between
the spread and ownership, this was expected as total demand is also linear over the heat pump ownership rate.

Only four simulations fully adhere to the EN50160 regulations and would not transgress any of the power quality regulations. The
simulations fully adhering to the EN50160 regulations are all the lowest ownership percentages and the 40% ownership percentage
for the Global Transition (GT) scenario. The lower ownership percentages have a lower total demand as there are fewer heat
pumps present in the grid; thus, the grid does not get oversaturated. The Global Transition scenario has the most favourable hourly
pattern; the pattern follows the solar generation pattern relatively well and thus utilizes a large part of the locally generated solar
power directly without interacting with the medium-voltage grid. On the other hand, the two highest ownership simulations for
the Stated Pledges scenario, do not adhere to any of the voltage-magnitude rules of the EN50160 regulations. In these simulations,
the residential circuit would be disconnected from the medium-voltage grid to protect the overall grid. This would mean power
outages would occur in the neighbourhood, which could have large implications for residents and the components of the grid. For
the remaining nine simulations, the grid partially adheres to the EN50160 regulations. The outliers do not exceed the 15% rule of
the power quality regulations, but the whiskers of the boxplot do exceed the 5% deviation limit. However, the deviation of over
5% for more than 5% of the intervals could be compensated by the medium voltage grid, since the total deviation is allowed to be
10%. However, this would mean that there needs to be more flexibility in the medium-voltage grid, which might not be feasible at
the given time.

Simulations with partial adherence will, therefore, put heavy restrictions on the medium-voltage network as the total deviation
of 10% cannot be exceeded. This will increase the demand for flexibility in the medium-voltage grid, or require upgrades to the
low-voltage infrastructure. For instance, the medium-voltage grid could ask for lower demand by its users in other low-voltage
networks or direct connections to consumers in their network. In addition, the low-voltage grid could increase the number of
connections it has to the medium-voltage grid to increase the overall power supply capacity of the grid. Finally, the low-voltage
grid itself could be upgraded to increase the capacity of the grid. All of the above solutions would have an economic cost, increasing
the network cost, and thus would have indirect economic effects on the power market. The partial adherence to European power
quality regulations and, thus, the economic effects are seen in ownership rates from 40% onward, as explained before. The expected
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ownership percentages for each scenario based on historical data are shown in Fig. 2. However, historical data shows that the
current ownership rate is already just below 20% and is increasing fast. Therefore, it is likely that the ownership percentage of 40%
is reached and that the indirect economic effects that this entails will occur if no alternatives are implemented.

3.3. Dutch energy market

The direct economic effects of the cooling demand are now investigated. The Dutch grid is simulated in Plexos© for one week
during a heatwave in summer. This licenced software allows market simulations at large scale. We used historical and forecasted
energy price information, together with a grid model of the Dutch power system. The data was provided by Eneco. The total hourly
market prices of the simulations were calculated using no cooling demand, a static cooling demand and a 30% flexible cooling
demand. Finally, the business cases of different sustainable generation and storage sources are investigated to determine how this
would change under increasing cooling demand. The Dutch grid was simulated for eight years distributed between 2026 and 2050
for the three scenarios (resulting in 24 cases), where the cooling demand increases over the years according to the overall yearly
demand of the model presented in Section 1.3.1. The resulting market prices were ranked by increasing prices for the simulated
week and analysed.

We grouped the results into three categories: price increase, no change in price, and price decrease. A representative price-
duration plot for each category found for the market-ranked prices is presented in Fig. 8. These plots allow one to determine the
time a determined range of prices persisted during a certain period. The steep changes mean sudden changes in energy price, without
intermediate pricing during the week. Using Fig. 8(b) as example, approximately 110 h of the 168 h during the week, the energy
price was below 25 € /MWh, then around 15 h had a price between 25 € /MWh and 200 € /MWh, and the reminder 43 h had
prices above 200 € /MWh.

The results show that 15 out of the 24 cases had a market price increase, 6 out of the 24 cases showed no difference, and only 3
of the 24 cases showed a price decrease in the overall market price compared to the base case. The increase in prices was expected
because when the demand for electricity increases, the price should also increase, as shown in Fig. 8(a). The middle price range
corresponds to the current peak prices when a cooling demand is expected to occur. In most cases, the electricity price in the middle
price range increased; although high prices can be expected at night for the future energy market because less sustainable energy
generation will take place during the night. No significant differences in market prices can be observed between the base case and
the cooling cases in Fig. 8(b). This is due to the fact that the cooling demand is not significant enough in these simulations to
increase the marginal price in the system.

A decrease in market prices can be observed when cooling is applied to the system in Fig. 8(c). The decrease in market prices
is mainly observed for the high peak prices that the model expects at night or in the late evening. The decrease is caused by the
Plexos© optimization methodology. Due to the slow ramp constraints of several other flexible demands in the system, the flexible
demand did not scale down on time in the no-cooling case, as the system does not optimize ahead of time and only reacts to the
current price. In cases with cooling demand, the cooling demand during the day forced the other flexible demands to scale down
their demand ahead of peak prices, resulting in less demand during peak prices and a decrease in price. However, the decrease in
market prices is not realistic for real-life applications, as most flexible demand industries will look ahead of time at what the market
prices will do and will respond on time.

In addition, no significant differences can be observed between having only static cooling and the 30% flexible cooling scenario
in almost every simulation. There is no significant difference between both cooling scenarios due to the relatively fast ramping
constraints of flexible cooling demand and the relatively low amount of flexible cooling of the overall cooling demand. On the one
hand, the high ramp rate in cooling causes Plexos© to dispatch the cooling demand at times when there is little or no difference
in market price to keep the network cost equal. As cooling demand in residents is relatively fast in ramping up and down cooling
demand, this cannot be decreased. On the other hand, the relatively low amount of flexible cooling of 30% in the system of the
overall cooling demand results in very few differences between both cooling scenarios, as not enough cooling is removed to change
marginal prices. The share of flexible cooling cannot be increased, as this would counteract the scenarios which envision the dispatch
of cooling demand during a certain time period.

Next, the influence of the cooling demand on solar generation and battery storage was investigated. The simulation with Plexos©,
also provides information on the market participation of different generation assets. The changes are based on the demand-supply
conditions during the simulations, in this case, as a result of adding the residential e-cooling loads created by the different scenarios.
The revenue per assets was determined and showed in Fig. 9. In this analysis, only static cooling was considered, as no significant
influence between flexible and static demand was found.

The difference in revenue for the solar power generation and battery capacity on a utility scale is presented in Fig. 9. There is
a clear increase in revenue of up to 100% visible for the solar energy revenue. Especially in the Local Independence (LI) and in the
Stated Pledges (ST) scenarios a significant increase is observed. The increase in solar revenue is due to the overlap in time between
solar energy generation and cooling demand. This decreases the curtailment of solar energy and thus increases the amount of solar
energy used. Also, in some of the scenarios, there is a price increase in general, as explained. This would also cause an increase in
revenue for solar plants.

In the battery revenue graph, a decrease in revenue is seen in most simulations. The decrease in battery revenue is most likely
due to the network having fewer energy surpluses because of the higher demand during the day, when usually high generation
occurs. In the base case, energy surpluses in the system could be absorbed by the battery. As the battery is charged less than in the
base case, it is also not able to sell as much energy, decreasing its revenue. The business case for solar energy seems thus to become
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Fig. 9. The asset revenue difference between no cooling and static cooling added to the grid for (a) solar generation and (b) battery storage.

more interesting as revenue increases, while the business case for batteries becomes slightly worse. However, this was only tested
in one heat wave week for several years; the sample size is not very large. Further, a lot of differences between the simulations are
present, which are not known as each scenario has its own assumptions in the Plexos© model with a different energy mix. Thus, it
is not evident to draw a final conclusion from this analysis.

4. Conclusions

This paper used a thermodynamic model to determine the magnitude and pattern of residential cooling based on fundamental
heat flows through the average Dutch residential house, and projected it until 2050. The effects of E-cooling were then tested in the
IEE 906-bus European Network to determine the effect of growing power demand on the low-voltage distribution system. Finally,

a model of the Dutch energy market was used to study also the effect of E-cooling on the energy prices. Our main conclusions are
as follows:
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» The consumption of cooling demand in the residential sector consists of spatial cooling to increase thermal comfort. Due to
the energy transition, increasing the amount of heat pumps and the warming of the climate change, the magnitude of cooling
demand will increase substantially.

The final nationwide cooling energy demand amounted to between 0.2 TWh and 0.4 TWh annually in 2050, depending on
the scenario. Despite the annual cooling demand being a relatively small part of the overall electricity consumption in the
Netherlands (currently 108 TWh), it was shown how daily contributions of residential cooling can amount to 2.5% of the
yearly cooling demand on a single day, causing undervoltages in distribution networks and price changes in the energy market.
The addition of cooling demand showed a significant impact on the power quality of the low-voltage network. For heat pump
ownerships from 40% and above, the regulations could partially not be abided by. For the Global Transition scenario, the
hourly pattern decreased the influence of cooling, while the Stated Pledges hourly pattern worsened the power quality of the
grid, indicating the opportunity of demand side response for E-cooling. To compensate for this challenge, DSOs are opting for
grid reinforcement, which will ultimately lead to increased energy prices.

The energy market analysis showed an increase in the market price for 15 of the 24 cases, and no major price difference was
observed for the remaining nine simulations. Furthermore, the addition of flexible cooling demand of 30% of the total cooling
demand, which Plexos© automatically dispatched, did not produce a difference in market price.

In the revenue analysis of sustainable generation assets, solar generation showed a strong increase in revenue when E-cooling
was present because the generation and thermal demand peaks aligned; thus, less curtailment was required. Also, a decrease of
up to 10% in revenue was observed for utility-scale batteries for the same simulations. The decrease in revenue was attributed
to the decrease in excess energy in the grid during the week as the demand rose, this lowered the amount of available energy
for the batteries hindering the opportunity to sell energy during energy shortages.

In addition, we have the following recommendations for future research based on this work:

Reduce data limitations in the thermodynamic model: Weather data limitations were shown to have a large impact on the
final cooling demand. More complex weather predictions could address this challenge.

Model the evolution of insulation values: We assumed insulation values in the thermodynamic model would remain
constant; it is, however, expected that an increasing trend in insulation improvement will occur in the Netherlands. Thus,
studies in predicting such changes would provide better input data for our model.

The addition of home energy storage solutions in the physical grid simulations: Only residential loads and rooftop PV
panels are incorporated in the simulations. However, EVs and home storage solutions, either electric or thermal, become more
common and could have an impact on the results.

Grid composition optimization: The grid composition remains equal for each simulation. It could be expected, however, that
in reality, due to the change in the business case for some generation assets, the grid composition could change to address this
and other challenges caused by the energy transition. Thus, future work should study the required engineering and financial
aspects of such changes.
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