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H I G H L I G H T S

• A model to quantify the cooling demand of housing communities due to climate change.
• Provision to assess different active and passive cooling strategies.
• Location and orientation of houses in the community affect their cooling demand.
• Demand datasets to design cooling networks can be generated with the model.
• Open-sourcing the Modelica model to enable customisation for different communities.
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A B S T R A C T

Global warming has led to higher ambient temperatures in traditionally cold regions in Europe such as the UK. 
While implementing strategies in residential dwellings to meet the rising demand for cooling during hot summers 
is thus of interest, an accurate estimation of such demand is however a prerequisite for developing or imple
menting upgrades to cooling infrastructure. To contribute to this effort, this paper presents an estimation tool to 
quantify the cooling demand of a housing community. The tool was developed with the open-source software 
OpenModelica and was used to model diverse heat transfer phenomena in house envelope components, indi
vidual houses, and groups of houses. It uses multiple levels of design hierarchies and enables exploring different 
heat mitigation strategies. The tool was employed to estimate the potential future cooling demand of a UK 
housing community. The results highlight that houses of the same design may exhibit substantial variations in 
demand based on their location and orientation within the community. For instance, the annual demand of the 
houses ranges from 4505.8 kWh to 5873.4 kWh for the years under study if a cooling setpoint temperature of 
21◦C is adopted. By increasing this setpoint by 1.5◦C, the community’s annual demand could be reduced by ~20 
MWh. Furthermore, incorporation of mitigation strategies reduced both the overall and peak demands for the 
individual houses and the community as a whole while also decreasing the disparity in demand across house
holds. By having access to the estimation tool, shared alongside the paper, interested users may be boosted to 
conduct ad-hoc assessments to understand cooling demand variations within any housing community of interest.

1. Introduction

Climate change is already having significant global impacts, 
including increased occurrences of wildfires, prolonged droughts, and 
unusual intensities of wind and rain [1]. One notable consequence is the 
escalating frequency and intensity of heatwaves [2]. The United 
Kingdom (UK), once considered a cold country, is no longer exempt from 
the devastating effects of extreme heatwaves, with the risk of increased 
excess deaths due to extreme heat in the coming years [3]. In fact, the 
record-breaking heatwave experienced in July 2022 was considered a 

likely result of climate change [4]. Heatwaves in Europe have already 
caused nearly 90,000 fatalities since 1980 [5]. Even with temperature 
stabilisation at 1.5◦C above pre-industrial levels by 2100, over 100 
million Europeans annually will face heatwaves that are currently 
deemed intense [5].

Adverse climate effects are likely to continue unless net-zero emis
sion targets are achieved throughout the globe—set for 2050 (at the 
latest) for the UK [6], EU [7] and the other signatories of the 27th UN 
Climate Change Conference. Several countries worldwide have already 
adopted decarbonisation strategies aimed at alleviating the detrimental 
impacts of climate change through the deployment of renewable energy 
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technologies [8]. With expected warmer climate conditions in the 
future, there is a growing demand for cooling provision to maintain 
thermal comfort and prevent overheating [9]. As such, it is imperative 
for governing authorities to ensure this demand is met by adopting 
sustainable technologies and ideally passive strategies where a balance 
between comfort and environmental responsibility is achieved [10].

An important aspect of achieving decarbonised cooling involves 
quantifying the rising energy demand for space cooling in the face of 
evolving climatic conditions. Accurate estimations are necessary to 
understand the required changes in energy infrastructure and operations 
of cooling systems to meet the expected increased energy requirements 
[11]. These will also help determine key locations that need to be 
focused on to upgrade electricity distribution grids to support housing 
communities in the upcoming years. While several countries in Europe 
have well-established systems and networks for space heating (and even 
district cooling), limited progress has been made in the UK on space 
cooling systems as these have not been traditionally required and are 
emerging [12]. Consideration of cooling demand in the UK research and 
policy landscape is still lacking [13].

Building energy simulation tools play a vital role in quantifying the 
thermal requirements of buildings [14]. These tools are utilised to model 
and analyse diverse factors influencing energy consumption, including 
heating, cooling, lighting, and ventilation. Several software engines are 
available for this purpose, including EnergyPlus, IDA ICE, Design
Builder, IES VE, Ansys, TRNSYS, and OpenModelica. These enable 
developing and executing numerical models that consider inputs such as 
weather conditions and building material properties to assess heat 
transfer and indoor temperature profiles within living spaces [15].

In the context of cooling buildings in warm ambient conditions, the 
aforementioned software tools have been widely utilised to model heat 
transfer in buildings and their various components. For instance, in [16] 
Ansys Fluent was employed to simulate heat transfer across a single 
building wall, while the same software was utilised in [17] to model 
indoor temperature and airflow profiles in a healthcare ward by 
considering different configurations for fresh air supply and retrofitting 
of the ward envelope. DesignBuilder and EnergyPlus were utilised in 
[18] to model and optimise the cooling performance of residential 
buildings situated in a hot semi-arid climate, while IDA ICE was 
employed in [19] to model and evaluate the effects of different street 
canyon geometries and orientations on the cooling load of a high-mass 
family apartment in a hot desert environment. In [20], IES VE was 
used to assess the thermal performance of a detached family house with 
a passive downdraught evaporative cooling tower in the hot climate of 
Saudi Arabia, while in [11,21,22], also using IES VE, the impact of 
building fabric, orientation, and geographical location was assessed for 
the most common building typologies in the UK (i.e. apartments, bun
galows, detached houses, semi-detached houses, and terraced houses).

In [23], TRNSYS was used to model the cooling and heating demand 
of a residential house. The reference highlighted the importance of 
accurately estimating energy demand for indoor space conditioning, as 
this would dictate the types of thermal systems (and their capacities) to 
meet energy demand with the lowest cost of installation. Also using 
TRNSYS, [24] demonstrated the adoption of a heat pump-based energy 
system to meet both the heating and cooling demand of a residential 
building located in Cardiff, Wales. Weather data files for the specific 
location were adopted to assess system performance under different 
seasons and occupancy patterns. Arguably, such inferences and solu
tions would also apply to residential communities. At the same time, an 
accurate estimation of cooling demand across groups of households in a 
warming climate would be key to understand how much capacity 
expansion would be required in the electricity distribution grid infra
structure to cater for large cooling demand in the upcoming years. A tool 
which determines the cooling demand of residential communities would 
be useful for such task.

While studies have been conducted on modelling district cooling 
systems for housing communities using simulation software like Mod
elica [25] and TRNSYS [26], there are limited alternatives to determine 
the cooling demand input for such models. Although several models 
available in the literature (many of which were discussed in previous 
paragraphs) enable quantifying thermal demand in buildings and these 
models could be arguably aggregated to represent housing communities, 
most have been developed in proprietary platforms. To have wide us
ability of cooling demand quantification tools for houses and commu
nities at different scales, availability of open-source platform-based 
model development is critical. There have been some developments in 
this regard. For example, Ref. [27] presents an open-source imple
mentation in Modelica for a net-zero energy community. However, the 
energy demand in buildings was modelled by assuming historical pat
terns of usage of some appliances and assigning a constant load for other 
appliances which would normally have highly fluctuating loads. The 
model therefore did not accommodate detailed heat transfer dynamics 
through the building envelope. More importantly, the model is difficult 
to be adopted for energy demand quantification under future climate 
projections not conforming with the historical data.

While the Modelica programming platform has been extensively 
used for energy modelling of buildings and communities, a recent re
view on this aspect in [28] highlighted that the majority of these models 
were developed in the commercial development environment Dymola, 
which again limited the scope of open-usability of such models. The 
same reference recognised that the use of open-source libraries in open- 
source development environment (e.g. JModelica and OpenModelica) 
would be a hotspot for further progress with pure open-research in this 
domain. In addition, the development of building energy models in 
Modelica has been prominent in United States, Germany, Belgium, and 

Nomenclature and variables

Abbreviation / variable definition
CIBSE Chartered Institution of Building Services Engineers
RMSE Root mean square error
UKCP UK Climate Projections
1D One-dimensional
cp Specific heat [J/(kg-K)]
hi, ho Indoor and outdoor convective heat transfer coefficients 

[W/(m2-K)]
k Thermal conductivity [W/(m-K)]
t Time [s]
v Average wind speed [m/s]
A Surface area [m2]
I Solar radiation incident on unit area of the envelope 

surface [W/m2]
Qc,in, Qc,out Convective heat transfer between the surfaces of building 

envelope and the indoor and outdoor air [W]
ΔR Long wavelength radiation exchange between the 

envelope surface and ambient [W/m2]
T Temperature [K]
Tin Indoor air temperature [K]
Tint, Text Interior and exterior surface temperatures of building 

envelope [K]
Tsol Sol-air temperature [K]
α Solar absorptivity
ε Long wavelength emissivity
ρ Density [kg/m3]
τi, τo Transmissivities of inner and outer glass panes
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France [28], but limited case studies for the UK exist.
On the other hand, the popular open-source programming language 

Python has also been used for energy modelling of buildings and com
munities [29,30]. However, such models do not offer a convenient 
graphical user interface (GUI) for building modelling. Therefore, it be
comes essential for building energy modellers to be experienced in 
computer programming if a complex model is to be developed when 
adopting this modelling approach. Besides, such intricate computer 
codes would naturally attract a smaller end-user base compared to 
software packages offering modelling and interpretation through both 
programming and graphical interfaces.

From the previous discussion, the absence of an open-source tool to 
quantify cooling demand of buildings and communities with the flexi
bility of both enabling programming and providing graphical interface- 
based energy modelling represents a gap in the research domain. While 
OpenModelica offers these capabilities, there has been limited devel
opment of such models in this environment, and even more limited 
developments assessing cooling demand of UK’s residential commu
nities, which is now becoming an emerging issue. To bridge this gap, this 
paper makes the following contributions: 

1. A community-level cooling demand estimation tool developed using 
Modelica is presented. The tool models the transient heat transfer 
through the envelopes of a group of houses. It is based on a model 
that considers the weather parameters in the community premises 
and quantifies the cooling demand of individual houses and the 
entire community. It accounts for shading effects of neighbouring 
houses and wall-sharing between attached houses to account for the 
spatial characteristics of the community. The model has provisions to 
design different construction assemblies and dimensions, blind 
control schemes, and cooling system operation settings.

2. Cooling demand profiles for a UK-based residential housing com
munity determined with the estimation tool are provided. Using 
temperature projections obtained from UK Climate Projections 
(UKCP) issued by the Meteorological Office [31], the aggregated and 
individual cooling demand profiles were generated. This enabled 
studying the effects of location and orientation of houses within the 
community and the consequent impact on cooling demand.

3. The tool for community-level cooling demand estimation has been 
open-sourced and made available with this paper. This will enable 
users to develop custom models of different houses and communities 
and assess their cooling demands under different climatic conditions. 
The free access to the tool is envisaged to support modelling and 
simulation of cooling networks and technologies in different plat
forms requiring cooling demand data as an input.

2. Material and methods

2.1. Details of the housing community

The housing community comprises 31 similar houses situated in a 
town in the UK at an approximate latitude of 50◦ North. Each house has 
a different location and orientation within the community. For the 
purpose of data privacy, the longitude and actual name of the commu
nity have been anonymised.

Fig. 1 provides an aerial view of the community and a schematic 
representation of the individual houses. Numbered walls and roof sec
tions that constitute the respective envelopes of the houses are included 
for clarity. Fig. 2 shows allocated house numbers within the community. 
Table 1 lists the areas of the walls and roofs. The internal volume of each 
house within the community is 499.9725 m3.

2.2. Weather data

The primary weather factors influencing the thermal energy demand 
of houses are solar radiation and ambient temperature. The solar 

radiation data required for the analysis was obtained from weather files 
published by the Chartered Institution of Building Services Engineers 
(CIBSE) [32]. These files provide inputs such as direct and diffuse ra
diation values, solar altitude, and azimuth angles, which are crucial for 
calculating the incident solar radiation on external surfaces of buildings.

IES VE was adopted to model solar radiation and to ensure reliability 
and accuracy of the obtained results, as this software has been validated 
in the past against internationally recognised standards such as ASHRAE 

Fig. 1. (a) Aerial view of the community. (b) Schematic of the houses with wall 
and roof numbering.

Fig. 2. House numbering within the community.
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140, CIBSE TM33, and ISO 52000 [33]. The Hay model [34] was used to 
this end, which has been integrated to IES VE as a built-in simulation 
tool. The software provides a high-level GUI to create 3-dimensional 
(3D) prototypes of houses of any desired shape and allows the infor
mation of the latitude of the house location to be fed into the model [35]. 
Using the information of the geometries and orientation of houses and 
their location, the Hay model is used to obtain the incident radiation on 
each wall and roof of the houses on an hourly basis [34].

IES VE offers an automated process for integrating building shapes 
into the simulation environment [35]. Upon importing or creating a 3D 
house model in the GUI, the software automatically generates the 
necessary geometric parameters, including surfaces, orientations, and 
shading elements, which are then used by the Hay model to calculate 
solar radiation on different parts of the house.

Through the utilisation of 3D modelling, IES VE enables the 
consideration of adjacent buildings and structures. This allows for an 
accurate assessment of shading effects on the building surfaces. This 
approach offers a significant improvement compared to standard 
methods where shading effects are approximated using constants 
applied uniformly to the model, with variations based on the degree of 
shading (low, medium, or high) [34]. The use of IES VE thus allows for a 
higher level of precision in the modelling of incident solar radiation on 
different house facades.

IES VE also allows for the inclusion of additional shading elements 
like roof overlaps, nearby buildings, and trees. These elements are 
modelled within the software by either importing them as part of the 3D 

geometry or by manually adding them using the software’s built-in tools 
[35,36]. The Hay model then accounts for the shading effects of these 
elements in its calculations. In fact, in the verification exercise of the 
house model in Modelica reported in Section 2.4.2 of the paper, the 
shading effects of neighbouring trees and houses on the real house 
investigated in [37] were modelled in IES VE and the consequent radi
ation data was used as input to the Modelica model of the experimental 
house.

As a way of an example, the incident radiations on 3 different walls 
and 1 roof belonging to 4 different houses within the community under 
study shown in Fig. 2 are presented in Fig. 3.

Data was sourced from the UKCP database to obtain the ambient 
temperatures for the housing community. This database offers spatially 
mapped ambient temperature projections for future years provided at 
hourly values. For this paper, temperature projections until 2040 were 
accessed. From the retrieved data, two different years were selected for 
further analysis. Firstly, year 2025 was chosen due to the high number of 
instances where the projected ambient temperature surpassed a 
threshold of 24◦C as this could be deemed uncomfortable [38]. Sec
ondly, year 2035 was selected as it aligns with the UK Government’s 
target year for decarbonising its electricity sector [39]. The ambient 
temperature profiles for the selected years are presented in Fig. 4.

2.3. Model development in Modelica

The community-level cooling demand estimator was modelled using 

Table 1 
Areas of walls, roof, and floor of an individual house.

Wall / Roof no.: 1 2 3 4 5 6 7 8 9 10 11 Floor

Total area [m2] 46.28 15.44 9.59 15.44 9.59 35.24 19.17 40.1 40.1 75.74 40.5 77.16
Window area [m2] 0 0 6.3 0 6.38 0 4.05 8.05 14.2 0 0 0
Door area [m2] 0 0 0 0 0 0 2 2 0 0 0 0

Fig. 3. Incident solar radiation on different walls and roof of 4 different houses in the community.

P. Saikia et al.                                                                                                                                                                                                                                   Applied Energy 377 (2025) 124597 

4 



Modelica with OpenModelica as the design and development platform. 
The development followed a bottom-up approach involving three levels 
of modelling hierarchy as described next.

2.3.1. Level 1: modelling house envelope components
This is the fundamental modelling level that underpins the physics of 

heat transfer across the structural components of the house envelope 
such as walls, roofs, windows, and doors. Principles of one-dimensional 
(1D) transient heat conduction through multiple material layers were 
employed to quantify the inward and outward heat transfer through the 
envelope components. For this purpose, the “Multilayer” block of con
duction heat transfer from Modelica Buildings Library was used [40]. 
For different envelope components, adequate dimensions and 

thermophysical properties were assigned through this block for all ma
terial layers. This information is provided in Table 2.

To calculate the 1D transient heat transfer through each material 
layer, Modelica solves the diffusion Eq. [40]. 

k
d2T
dx2 = ρcp

dT
dt

(1) 

where k is the thermal conductivity [W/(m-K)], T is the temperature 
[K], x is the thickness [m], ρ is the density [kg/m3], cp is the specific heat 
[J/(kg-K)], and t is time [s].

Convective heat transfer between the surfaces of the building enve
lope and the indoor and outdoor air, Qc,in and Qc,out [W], are modelled 
using 

Qc,in = hiA(Tint − Tin) (2) 

Qc,out = hoA(Tsol − Text) (3) 

where A [m2] is the surface area of the envelope component, Tint [K] 
is the interior surface temperature of the envelope, and Text [K] is the 
exterior surface temperature of the envelope. Tin [K] is the indoor air 
temperature, and Tsol [K] is the sol-air temperature that combines the 
effects of solar radiation and heat convection of the envelope with the 
outdoor ambient [41]. In (2), hi [W/(m2-K)] is the indoor convective 
heat transfer coefficient, while ho [W/(m2-K)] in (3) is the outdoor heat 
transfer coefficient. Tsol is calculated with [17] 

Tsol = To +
αI
ho

(for a wall) (4) 

Tsol = To +
αI
ho

−
εΔR
ho

(for the roof) (5) 

where α is the solar absorptivity and ε is the long wavelength emissivity 
of the outer surface of the building envelope, with assigned values α =

0.75 and ε = 0.9 [44,45]. Also in (4) and (5), I [W/m2] is the solar ra
diation incident on unit area of the envelope surface and ΔR [W/m2] is 
the long wavelength radiation exchange between the envelope surface 
and ambient, which was assigned a value of ΔR = 63 W/m2 [46]. In 
addition, it was assumed that hi = 5 W/(m2-K) [47], whereas ho was 
calculated with the McAdams model [48,49] as 

ho = 5.678
[
0.99+ 0.21

( v
0.3048

) ]
(6) 

Fig. 4. Ambient temperature projections from the UKCP database for years 2025 and 2035.

Table 2 
Thermophysical properties and thicknesses of structural layers in different en
velope components [42,43].

Material Thickness 
[mm]

Thermal 
conductivity 
[W/(m-K)]

Density 
[kg/m3]

Specific 
heat [J/ 
(kg-K)]

Wall Rainscreen 3 50 7800 450
Cavity 50 0.026 1.225 1000
Insulation 81.4 0.025 20 1030
Cement 
bonded 
particle 
board

12 0.23 1100 1000

Cavity 50 0.026 1.225 1000
Plasterboard 12.5 0.21 700 1000

Roof Insulation 154.4 0.03 40 1450
Membrane 0.1 1 1100 1000
Concrete 
deck

100 2 2400 1000

Cavity 50 0.026 1.225 1000
Plasterboard 12.5 0.21 700 1000

Window Outer glass 6 1.06 2500 800
Cavity 
(Argon)

12 0.01772 1.633 520.3

Inner glass 6 1.06 2500 800

Door Wood 44 0.14 650 1200
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where v is the average wind speed. For an average wind speed in the UK 
of v = 4.48 m/s [50], using (6) leads to ho = 23.15 W/(m2-K).

Fig. 5 shows a screenshot of the wall model implemented in Mod
elica. It receives as input the incident solar radiation, outdoor ambient 
temperature, and cross-sectional area of the wall. The output is the net 
heat flow rate through the wall. To be able to represent different walls 
within a house with different cross-sectional areas A, a value of A = 1 m2 

was hard-assigned in the multilayer conduction block to calculate the 
heat flux q́  [W/m2]. This value was then added to the factor (A − 1)qʹ to 
obtain q́ A [W], which is the net heat flow rate through a wall with cross- 
sectional area A assigned through an input link.

The window model, shown in Fig. 6, introduced a slight variation to 
the wall model just described by incorporating radiative heat gain in 
addition to the conductive heat transfer through the window. The 
radiative gain was calculated by multiplying the incident solar radiation 
with the transmissivities of the outer and inner glass panes, with values 
τo = 0.409 and τi = 0.783 [42,43].

Shading on windows due to other houses was modelled by adjusting 
the solar radiation input. For instance, if a neighbour house casts a 
shadow on the window of a particular house, the radiation input would 
be adjusted by the Hay model in IES VE by accounting for the shadows. 
The consequent solar radiation was used as input to the Modelica model 
for the window.

The window model also included a module for internal blind oper
ation. This allowed for the blinds to be partially closed (using a per
centage) when the indoor temperature had surpassed a predefined 
threshold value. This operation scheme was intuitively determined and 
was assumed as subjected to occupants’ preferences. As such, the model 
allows for adjusting the blind opening percentage and the setpoint 
temperature for blind controls, giving users the flexibility to tailor these 
parameters as required. The effects of these settings on the cooling de
mand are discussed later in Section 3.2.

The models for roofs and doors resemble the wall model in terms of 
fundamental heat conduction modelling. The interested readers are 
referred to Appendix A for further details.

2.3.2. Level 2: modelling individual houses
This is the second level in the modelling hierarchy, where the heat 

gain and loss for an individual house is computed by aggregating the 
heat transfer through all envelope components of the house. 

Additionally, a model for heat transfer through the floor was imple
mented at this level. A multilayer conduction block was used for this 
considering the material dimensions and properties for each layer 
defined in Table 3. A ground temperature of 12.7◦C was considered 
given the selected location in the UK [51].

The floor model was instantiated in Level 2 rather than in Level 1 
because only one instance of the model was used for an entire house, 
unlike the other envelope components that had multiple instances in one 
house, and therefore benefitted from the general template created in 
Level 1.

Internal heat gains were also modelled within Level 2 using ISO- 
recommended profiles for occupants, appliances, and lighting in resi
dential houses per unit floor area [52]. These profiles were scaled for the 
individual houses by multiplying the heat gains with the floor area 
(77.16 m2).

Different profiles for internal heat gains were used for weekdays and 
the weekend, as provided in [52]. The total internal heat gain was ob
tained by aggregating the contributions from all sources. This was then 
applied as a heat source to the house model with a periodicity of 7 days. 
Fig. 7 shows the weekly-periodic profile from Monday to Sunday. Given 
that the first day of year 2025 is Wednesday and that of 2035 is Monday, 
the profiles were adjusted to start on the respective day of the week. For 
simplicity, changes in internal heat gains due to holidays and seasonal 
variations were not considered.

The following rationale was considered to quantify the cooling de
mand of a given house. If the indoor temperature were to rise above the 
cooling setpoint temperature, the house would be cooled by introducing 
cold air at a predefined supply temperature. The flow rate of such supply 
air would vary between predefined maximum and minimum values. The 
energy required to cool the outside ambient air to the indoor supply 
temperature would be considered as the cooling demand. This value was 
calculated within the house model by implementing a sensible cooler 
block [53].

Heating of the house during cold conditions was done by imple
menting a radiative heater [53]. However, for clarity, heating is not 
discussed in this paper. A screenshot of the cooling circuit along with the 
building envelope components in the house model implemented in 
Modelica are shown in Fig. 8. An equivalent block diagram is presented 
in Fig. 9 to enable an easier interpretation of the house model. A detailed 
explanation of the different component assemblies in the house model is 

Fig. 5. Screenshot of the wall model implementation in Modelica.
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provided as supplementary material along with this paper.

2.3.3. Level 3: modelling the community
The output values of cooling demand obtained from the individual 

houses in Level 2 were aggregated at this level to obtain the cooling 
demand for the entire community. “Radiation” and “AmbientTemp” 
components were utilised to read input data on solar radiation and 
ambient temperature from external source files. These readings were 
then consolidated in the “weatherBus” component, which subsequently 
delivered the radiation data as input signals to the respective houses. As 
for the ambient temperature, since it remained consistent across all 
houses, it was directly supplied from “AmbientTemp” to the respective 
houses.

Note: Currently, there is no direct interface between IES VE and 
OpenModelica for solar radiation and shading information exchange. 
For the case studies presented in this paper, solar radiation data from IES 
VE was exported as a CSV file, which was read by the “Radiation” block.

Additionally, the “InternalHeatGainProfiles” component read an 
external file with the weekly periodic profile shown in Fig. 7 with hour- 

wise values of internal heat gain from occupants, appliances, and 
lighting. These data were then processed by the house models at Level 2.

The components used in the models have dependencies on the 
Modelica Standard Library (Version 3.2.3) [54] and Buildings Library 
(Version 8.10) [55]. An artificial time period of 1 h was added at the 
beginning of all simulations to eliminate any inconsistencies during 
model initialisation. Further information about the simulation setup is 
available along with the Modelica models in the supplementary material 
accompanying this paper.

2.4. Model verification

Based on the experimental data available in existing literature, the 
models developed in the previous sections were verified at envelope 
component level and individual house level.

2.4.1. Verification at envelope component level
The model for transient 1D heat transfer through multiple layers of 

envelope components (i.e. walls, windows, roofs, and doors) imple
mented in Modelica was verified by comparing the heat flux and tem
perature profiles obtained with the experimental results reported in 
[56]. In the reference, an experimental setup consisting of a closed 
cubicle with an interior periodic heat generation source was monitored 
for surface temperature and heat flux profiles over time. The material 
dimensions, properties of the cubicle walls, and the external surface 
temperature profiles were used as input data and boundary conditions 
for simulation with the model reported in this paper.

The model was simulated with Modelica’s ‘cvode’ solver [57] with a 
time-step size of 45 s. Fig. 10 shows the comparison between the results 
obtained with the model and the experimental data. Although in [56] 
the indoor temperature was mentioned to be maintained at approxi
mately 22–24◦C, measured temperature values decreased to about 21◦C 
at certain intervals. This would only be possible when the indoor 

Fig. 6. Screenshot of the window model implementation in Modelica.

Table 3 
Thermophysical properties and thicknesses of structural layers in floor model 
[42,43].

Material Thickness 
[mm]

Thermal 
conductivity [W/ 
(m-K)]

Density 
[kg/m3]

Specific heat 
[J/(kg-K)]

Insulation 98.2 0.025 700 1000
Reinforced 

concrete
100 2.3 2300 1000

Cavity 50 0.026 1.225 1000
Chipboard 

flooring
20 0.13 500 1600
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temperature had dropped below 22◦C to cool the surface to about 21◦C 
as the external environment-facing surface of the cubicle was always 
above 22◦C (see Fig. 10(b)). Taking into account these observations 
from [56], the indoor temperature was assumed to be 21◦C for the model 
verification.

In general, a good agreement was achieved between both sets of 
results for heat flux and temperature variation, with a root mean square 
error (RMSE) of 0.67 W/m2 for heat flux and 0.31◦C for temperature. 

Therefore, the solver settings used in this verification exercise were 
adopted for the simulations presented later in the paper.

2.4.2. Verification at individual house level
An additional verification exercise was carried out to ascertain that 

the house model implemented in Modelica provided reliable results. For 
this, experimental results reported in [37] were considered. The 
experimental testing in the reference involved periodic monitoring of 

Fig. 7. Weekly periodic profile for internal heat gain in houses (Monday to Sunday).

Fig. 8. Screenshot of the house model in Modelica.
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the indoor and outdoor temperature of a full-scale semi-detached house 
located in Loughborough, UK, shown in Fig. 11.

Details of the construction materials and dimensions of the house 
were taken from [37] to prepare the equivalent model in Modelica. A 
screenshot of the software implementation is shown in Fig. 12. This 
model had a similar generalised block-level representation as shown in 
Fig. 9. The only difference was that the heating system block was absent 
as this effect was not assessed in the experiment. Also, the cold air supply 
system was adapted to inject air at ambient temperature with a fixed rate 
of 0.22 air changes per hour (ACH) as prescribed in the experiment. The 
measured hourly outdoor temperature for 4 months (June to September 
2021) was used as the ambient temperature boundary condition for the 
equivalent model in Modelica. As for solar radiation, the measured 
values for incident radiation on different walls and roof of the actual 
house were not available. Therefore, these values were obtained using 
IES VE.

For simplicity, the house model assumed the entire indoor volume as 
a whole without any room partitioning. In the experiment, the hourly 
indoor temperature was monitored within each room of the house. As 
the numerical model outputs a single temperature value for the entire 
indoor air volume, the measured values for different rooms were 
weighted based on the individual room volume and averaged to enable a 
direct comparison between simulated and measured values. The model 
was then simulated for the period of 4 months (June–September) for 
which the measured data from the experiment was available.

The outputs of the model implemented in Modelica (blue trace) 
agreed with the experimental measurements (red trace) with a reason
able accuracy, as shown in Fig. 13, yielding an RMSE of 1.56◦C. The 
difference in the results could be attributed to the approximation of the 
measured radiation quantities on each wall with the numerically 
computed values from IES VE. This could have led to differences in the 
rate of heat transfer from the external environment into the house, 
which in turn could have mildly influenced the indoor temperature. 
However, considering the data availability limitations and model 
simplification assumptions, the model showed good agreement with the 

Fig. 9. Generalised block diagram of the house model for easier interpretation.

Fig. 10. Model verification with experimental results: (a) heat flux, (b) surface 
temperature.
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experimental results reported in [37]. 3. Results and discussion

3.1. Cooling demand profiles and effects of house location and orientation

The community model was simulated to obtain cooling demand data 
for various houses and the aggregated cooling demand of the entire 

Fig. 11. Front view (a) and rear view (b) of the matched-pair houses used in the experiments in [37]. The house on the left in (a) was used for verification of the 
house model presented in this paper.

Fig. 12. Screenshot of the model implemented in Modelica equivalent to the experimental house in [37].
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community. For clarity in the interpretation of results, Fig. 2 in Section 
2.1 shows allocated house numbers within the community.

A base case for simulation was defined by considering specific set
tings in the houses. The cooling setpoint temperature was taken as 21◦C 
[58] and the supply air temperature as 10◦C for all dwellings. The supply 
airflow rate was controlled between a maximum of 4 ACH and a mini
mum of 0.2 ACH. The window blinds were assumed to be completely 
open.

Figs. 14 and 15 show the annual cooling demand profiles for five 
selected houses and the community as a whole for the years 2025 and 
2035. Out of these five houses, four were located at the corners of the 
community, as observed in Fig. 2. The remaining house was selected as it 
exhibited the minimum cooling demand. The cooling demand profiles of 

all houses are presented in Appendix B.
There was a range of cooling demands among the houses, which 

could be attributed to differences in incident solar radiation on walls, 
roofs, and windows. These variations depended on the house location 
within the community, its orientation, exposure to solar radiation, and 
shading from neighbouring houses. These factors resulted in distinct 
cooling demand profiles.

To better visualise the differences in cooling demand among indi
vidual houses, the net annual cooling energy demand was calculated by 
integrating with respect to time the cooling power demand profiles 
shown in Figs. 14 and 15. These annual cooling energy demands were 
then processed into heat maps using IES VE. Figs. 16(a) and 16(b) 
display these heat maps for the years 2025 and 2035.

Fig. 13. Verification of the house model implemented in Modelica with experimental measurements in [37].

Fig. 14. Cooling demand profiles for different houses and the community for the year 2025.
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House 10 exhibited wider cooling demand profiles than the other 
houses. This is primarily due to its location in a sun-exposed corner of 
the community with minimal shading (see Fig. 2). The high intake of 
solar radiation through the windows with fully open blinds and no 
shading effect from neighbouring houses led to momentary cooling 
needs in the winter season. This unusual demand could be easily reduced 
through cooling load mitigation strategies (discussed later in Section 3.2
and Appendix C). On the other hand, House 14, positioned in the 
opposite corner, experienced significantly lower cooling demand, as 
depicted by smaller cooling peaks and a shorter annual time span for 
cooling demand, as shown in Figs. 14 and 15. This is also reflected 
through warmer colours of House 10 compared to House 14 in the heat 
maps shown in Figs. 16(a) and 16(b).

House 1, similar in orientation to House 14, displayed comparable 
cooling demand patterns. The consistent movement of the sun from east 
to west due south resulted in shadows cast from south to north 
throughout the day. This effect provided good shading for Houses 1 and 
14. Therefore, these corner houses experienced a lower cooling demand 
compared to the other corner Houses 10 and 26. House 26 experienced a 
slightly lower cooling demand than House 10 even when they are 
located in the same southern corner (see Fig. 2). This could be attributed 
to minor differences in orientation and a shading effect from House 27 
on the east side walls of House 26 during the late morning hours. House 
10 received little such benefit from House 31 due to the skewed align
ment and increased distance between the houses.

House 4 experienced minimum annual cooling energy demand in 
both years under investigation, as observed in Figs. 16(a) and 16(b). The 
cooling peaks and annual cooling demand span were also smaller for this 
house compared to the other houses (see Figs. 14 and 15). The reduced 
cooling demand was due to the shading effect of the large hall situated 

Fig. 15. Cooling demand profiles for different houses and the community for the year 2035.

Fig. 16. Annual cooling demand of different houses in the community: (a) heat 
map for year 2025, (b) heat map for year 2035.
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on the south side of this house (unnumbered structure in Fig. 2).
House 18 had neighbouring houses on both the north and south 

sides. However, the presence of a neighbouring house on the north side 
did not provide shading benefits, leading to slightly higher cooling de
mand compared to corner Houses 1 and 14 (see Fig. 16). This was 
because House 18 lacked shading on its west or east-facing walls as no 
nearby houses were located in those directions. On the other hand, 
Houses 1 and 14 benefit from Houses 11, 12, and 13, which cast shadows 
on the northern corner houses during specific hours of the day.

House 19, despite being the south-side neighbour of House 18, 
exhibited a lower demand. This was due to the slightly staggered 
alignment of House 20 relative to House 19, resulting in enhanced 
shading effects on the rear walls and windows of House 19 in the af
ternoon hours.

The groups of south-facing houses (Houses 11–13) and (Houses 
27–31) exhibited higher cooling demand compared to most of the other 
houses in the community. This was due to their different orientation and 
placement. Although they benefitted from shading either in the morning 
or in the afternoon hours from the houses located to their east or west, 
they received consistent solar radiation on the south-facing windows 
throughout the day. The increased radiation intake through the south- 
facing windows in these houses negated the effects of shading 
received from the east-facing house rows and led to an increased cooling 
demand. This is evidenced with warmer shades of the south-facing 
houses in Figs. 16(a) and 16(b).

Both individual houses and the community exhibited higher cooling 
demand in 2025 compared to 2035 (Figs. 14 and 15). This disparity is 
attributed to the variations in annual ambient temperature between the 
two years, with year 2025 anticipated to be hot in the UK [59]. The 
reduced annual cooling energy demand in 2035 compared to 2025 is 
evidenced through the blue-ish tint of houses in 2035 and the red-yellow 
tint in 2025 in Figs. 16(a) and 16(b). These findings indicate that there 
may not be a yearly monotonous increase in cooling demand in the 
future. Atmospheric events like El Niño can intermittently affect cooling 
demand from year to year. However, the relative cooling demand among 
houses remained mostly consistent in both years under consideration, 
which was indicated by similar colour gradients across different houses 
in Figs. 16(a) and 16(b).

3.2. Parametric analysis for cooling load mitigation

Different active and passive cooling strategies to mitigate cooling 

demand were investigated to demonstrate the capabilities of the com
munity model implemented in Modelica. The effect of cooling setpoint 
temperature was investigated first by considering two different setpoint 
values (22.5◦C and 24◦C) in addition to the base case setpoint temper
ature of 21◦C. Subsequently, further possibilities of cooling load miti
gation were analysed by relaxing certain active cooling system 
parameters. These included adopting a higher cooling air supply tem
perature of 16◦C (against the base case with 10◦C) and a lower 
maximum air flow rate of 2 ACH (against the base case with 4 ACH). 
Additionally, passive cooling intervention was investigated by adopting 
blind control schemes where the blinds were opened by 40%, 30%, and 
20% of the window area when the indoor temperature rose above 22◦C. 
Year 2025 was considered for this analysis as it involved higher cooling 
demand than 2035. Key results are shown in this section, with a critical 
discussion on the effects of these strategies on cooling demand of indi
vidual houses and the community being presented in Appendix C for the 
interested readers.

The difference in cooling demand across the houses within the 
community reduced upon the implementation of the energy-saving 
initiatives. This is evidenced through the box plots in Fig. 17, which 
show the distribution of annual cooling demand under the different 
mitigation scenarios. The thinner boxes in the plot represent smaller 
deviations among the annual cooling demand of the different houses. 
The reduced disparity in demand across households could be key to
wards establishing energy equality within the community [60].

3.3. Impact of energy-saving initiatives on cooling demand profiles

The cooling load mitigation strategies discussed in the previous 
section not only reduced the net annual cooling demand of the houses 
and the community but also influenced their cooling demand profiles. 
Fig. 18 shows the cooling demand profiles of the houses presented 
earlier in Fig. 14 after the implementation of the energy-saving strate
gies of higher cooling setpoint temperature (24◦C) and blind opening by 
30% for indoor temperatures above 22◦C. The conservative settings of 
air supply (16◦C and 2 ACH) were adopted to match the reduced cooling 
demand, although these settings do not have a pronounced effect. Year 
2025 was considered for this assessment. The y-axis limits in Fig. 18
were kept the same as those of Fig. 14 to clearly appreciate the effects of 
the mitigation strategies.

The impacts of the cooling load mitigation strategies are evidenced 
in Fig. 18 through the lower peaks and shorter annual span of cooling 

Fig. 17. Distribution of annual cooling demand of houses for different mitigation scenarios.
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demand for the different houses and the community itself. Furthermore, 
cooling demand in House 10 during winter months also disappeared. 
Similar impacts were observed for year 2035, but these are not shown 
here for the sake of brevity of the paper.

4. Limitations of the model

The reliance of the community model on external weather data 
presents a potential limitation. While obtaining ambient temperature 
profiles from credible sources like UKCP is relatively straightforward, 
these projections may not be available for all geographic regions. 
Similarly, global horizontal radiation data can be sourced from meteo
rological websites, but determining hourly incident radiation on each 
wall of a house, accounting for its shape, orientation, and shading from 
neighbouring structures requires dedicated design tools like IES VE, 
DesignBuilder, PVLIB, RADIANCE, SAM, or Google Sketchup, which 
may not be easily accessible to everyone. However, neglecting shading 
effects and simplifying building form factors allows for estimating 
incident solar radiation on walls using equations involving solar and 
surface azimuth angles [61]. This approach can alleviate the depen
dence of the developed model on external software for simpler house 
architectures.

The houses in the community were assumed to be airtight and the air 
exchanges through the opening of windows were not modelled. While 
this could be a reasonable assumption in traditionally colder climates, 
for houses located in hot climates and extensively adopting open- 
window ventilation, the air exchange through windows would need to 
be modelled. Such air exchanges relate directly to the extent of window 
opening, instantaneous pressure gradients between indoor and outdoor 
environments, and the intensity and direction of wind in the outdoor 

environment. These parameters involve a high degree of uncertainty and 
therefore the determination of air exchange through windows may not 
be precise and straightforward.

A caveat in the execution of the community-level model is that 
OpenModelica’s parallel processing capabilities are still under devel
opment. A straightforward option to distribute model execution load 
across available parallel processors in the machine is not yet available 
under the simulation settings tabs in the GUI of the software. This could 
represent an issue when simulating a housing community with several 
dwellings. There is an option in the software to allocate multiple pro
cessors for compiling the models, but to realise substantial gains in 
computational speed, parallel processing in model execution is required. 
This feature may be integrated as a straightforward option in future 
versions of the software, but assessing this falls out of the scope of this 
paper.

Due to constraints in parallel processing of the large community- 
level model, this was simulated by considering smaller batches of 
houses in one simulation run. For example, the first instance of the 
community model simulated Houses 1 to 11, the second instance 
simulated Houses 12 to 22, and the third instance simulated Houses 23 
to 31. This approach is shown in Appendix A.

5. Conclusions

To better understand and quantify the requirements for cooling 
infrastructure in the UK’s residential sector under the effects of climate 
change, this paper presented the development of an open-source tool for 
estimating cooling demand in a housing community. The tool facilitated 
insights into how individual houses and a community as a whole can 
experience overheating and how the cooling demand is distributed 

Fig. 18. Cooling demand profiles for different houses and the community for the year 2025 after the implementation of load-mitigation startegies.
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across different households within the community under investigation. 
The tool was developed using a bottom-up approach employing three 
levels of design hierarchy within the Modelica platform.

At the fundamental design level, the tool allowed for the modelling 
of house envelope components such as walls, roofs, doors, and windows. 
This level supported passive interventions for reducing cooling demand, 
such as various blind control schemes. The intermediate design level 
combined the components developed at the fundamental level with a 
cold air supply system to quantify the cooling demand of individual 
houses. This level offered controls for active cooling measures, enabling 
adjustments to cooling setpoint temperature, cold air supply tempera
ture, and cold air flow rate to cater for the unmet cooling demand after 
passive interventions. The top design level aggregated the cooling de
mand for all houses in a community and incorporated internal heat gain 
profiles and weather parameters, enabling assessments of the impact of 
different weather conditions, such as temperature forecasts for future 
years on community cooling demand.

The cooling demand for houses with similar architecture varied 
significantly based on their locations and orientations within the com
munity, especially when active cooling systems were heavily relied 
upon. For instance, in year 2025, the annual cooling demand for 
different houses in the community ranged from 4505.8 kWh to 5873.4 
kWh, with potential implications for energy bills of households. This 
indicates that prospective decisions on house acquisition would benefit 
from understanding the potential energy consumption for space cooling 
alongside aesthetics and general accessibility within a community.

Furthermore, the adoption of strategies, such as higher cooling set
point temperatures and blind controls could significantly mitigate 
cooling loads and reduce disparities in cooling demand across houses. 
Collectively applying these cooling load mitigation strategies reduced 
the range of annual cooling demand for different houses to 634.8 kWh - 
797.7 kWh.

The cooling demand of both individual houses and the entire com
munity was significantly influenced by ambient temperature projections 
for the years under consideration. The forecast of higher ambient tem
peratures in 2025 than in 2035 resulted in increased community cooling 
demand in 2025. Atmospheric events may lead to an intermittent in
crease in cooling demand for housing communities rather than a 
consistent upward trend.
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Appendix A

This appendix contains the figures for the models developed in Modelica and used in different levels of modelling hierarchy. These were not 
presented in Section 2 of the paper for the sake of brevity.
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Fig. A1. Screenshot of the roof model implementation in Modelica.

Fig. A2. Screenshot of the door model implementation in Modelica.
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Fig. A3. Screenshot of the community-level cooling demand model in Modelica (Houses 1–11).
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Fig. A4. Screenshot of the community-level cooling demand model in Modelica (Houses 12–22).

Fig. A5. Screenshot of the community-level cooling demand model in Modelica (Houses 23–31).

Appendix B

This appendix provides the cooling demand profiles for the houses in the community, which were not presented in Section 3.1 of the paper. The 
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settings of the base case with 21◦C cooling setpoint temperature, 10◦C cold air supply temperature with a maximum flow rate of 4 ACH, and 
completely open blinds were considered for generating these profiles.

Fig. B1. Cooling demand profiles for Houses 2, 3, 5, 6, 7, and 8 (year 2025).

Fig. B2. Cooling demand profiles for Houses 9, 11, 12, 13, 15, and 16 (year 2025).
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Fig. B3. Cooling demand profiles for Houses 17, 18, 19, 20, 21, and 22 (year 2025).

Fig. B4. Cooling demand profiles for Houses 23, 24, 25, 27, 28, and 29 (year 2025).
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Fig. B5. Cooling demand profiles for Houses 30 and 31 (year 2025).

Fig. B6. Cooling demand profiles for Houses 2, 3, 5, 6, 7, and 8 (year 2035).
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Fig. B7. Cooling demand profiles for Houses 9, 11, 12, 13, 15, and 16 (year 2035).

Fig. B8. Cooling demand profiles for Houses 17, 18, 19, 20, 21, and 22 (year 2035).
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Fig. B9. Cooling demand profiles for Houses 23, 24, 25, 27, 28, and 29 (year 2035).

Fig. B10. Cooling demand profiles for Houses 30 and 31 (year 2035).

Appendix C

This appendix provides a detailed analysis and discussion on the effects of different cooling load mitigation strategies assessed under Section 3.2 of 
the paper.

C.1. Effect of different cooling setpoint temperatures

Two different cooling setpoint temperatures (22.5◦C and 24◦C) were considered for this analysis. The community model was simulated to quantify 
the cooling demand for these setpoint values.

Fig. C1 shows the annual cooling demand of different houses within the community for the setpoint temperatures using a radar chart. Annual 
cooling demand was within 5000–6000 kWh for a setpoint temperature of 21◦C. The cooling demand ranges reduced to 4000–5000 kWh for 22.5◦C 
and 3500–4500 kWh for 24◦C. These results indicate how marginal changes in the operational settings of the building cooling system could result in 
significant changes in energy consumption. Such information may be instrumental to sensitise home-owners on how minor adjustments in comfort 
levels can lead to substantial energy savings. 
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Fig. C1. Annual cooling demand of different houses with different cooling setpoint temperatures.

Setpoint adjustments can lead to an even more pronounced impact on the community-level cooling demand. Fig. C2 shows that a cooling demand 
reduction of ~20 MWh could be achieved by increasing cooling setpoint temperatures by 1.5◦C in the houses.

Fig. C2. Annual cooling demand of the community for different cooling setpoint temperatures.

C.2. Effect of blind control strategies on cooling demand

A cooling setpoint temperature of 24◦C, which yielded the minimum cooling demand in Section C.1, was here adopted to explore further demand 
reduction by implementing a blind control scheme where the blinds were opened by 40 %, 30 %, and 20 % of the window area when the indoor 
temperature rose above 22◦C. The higher cooling setpoint along with blind operation was deemed to reduce the cooling demand significantly. 
Therefore, a conservative mode of the air supply system was adopted which included setting the supply air temperature to a higher value of 16◦C and 
reducing the maximum supply air flow rate to 2 ACH. The results obtained after simulating the community model with these additional mitigation 
approaches are shown in Figs. C3 and C4.

Fig. C3 evidences a significant reduction in cooling demand of the houses when the additional energy-saving initiatives are incorporated. Prior to 
their implementation, the annual cooling demand of the houses was in the range of 3500–4500 kWh (see the blue trace in Fig. C1). With the energy- 
saving measures, demand was capped under 1600 kWh for every house. Depending upon the percentage of blind opening, the annual cooling demand 
could be capped to ~1600 kWh for 40 %, ~1200 kWh for 30 %, and ~ 800 kWh for 20 % (see the three concentric traces in Fig. C3). These results 
emphasise how a strategic approach to active and passive measures is favourable towards mitigating cooling demand at its source. Fig. C4 shows that 
the impact of a blind opening scheme alone could amount to ~10 MWh at the community level cooling demand over an annual time horizon. 
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Fig. C3. Annual cooling demand of different houses with the adoption of energy-saving initiatives.

Fig. C4. Annual cooling demand of the community for different blind openings.

C.3. Effect of supply air temperature and maximum flow rate on cooling demand

While Figs. C3 and C4 in Section C.2 demonstrate how different blind opening schemes significantly impact the cooling load of houses and the 
community, the effects of increased supply air temperature and reduced maximum air flow rate are not immediately apparent in these figures. 
Consequently, an additional analysis was conducted to explicitly examine the impact of supply air temperature and maximum air flow rate on cooling 
demand. For this analysis, the intermediate case of blind opening by 30% was adopted along with a cooling setpoint temperature of 24◦C for year 
2025. Two sets of supply air temperature and maximum air flow rate were considered: one with the settings for the base case (10◦C and 4 ACH), and 
the other with the conservative settings (16◦C and 2 ACH) adopted in Section C.2.

The annual cooling demand for the different houses, based on the two air supply settings, showed only marginal variations, as evidenced in Fig. C5. 
These small differences could be attributed to: (a) variations resulting from numerical computations and round-off approximations at different time- 
steps for the two cases, and (b) minor variations in the operation of the air flow control valve, which handled the different supply air attributes, leading 
to slight changes in indoor temperature variations. These variations may have affected the rate of heat flow to and from the outdoor environment. Both 
supply air configurations were able to maintain the indoor air temperature within the cooling setpoint throughout the year for most of the houses. 
However, for House 10, described in Section 3.1, which had the highest cooling demand due to high sun exposure and minimal shading from 
neighbouring houses, the conservative air supply settings were insufficient to compensate for the high heat gain. As a result, the indoor temperature 
exceeded the cooling setpoint on several occasions during summer. (These results are not included in the paper for the sake of brevity but can be easily 
generated by the interested readers by executing the source code provided in the supplementary material.)

Following these observations, it can be inferred that while supply air temperature and maximum flow rate may not impact the overall cooling 
demand, a larger capacity supply air system — capable of delivering lower inlet temperatures and higher flow rates — may be necessary for houses 
with low cooling setpoint temperatures, high sun exposure, and no passive mitigation measures such as blind operation. 
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Fig. C5. Comparison of the annual cooling demand for conservative and base case settings of supply air temperature and maximum air flow rate.

Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.apenergy.2024.124597.
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