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Chapter 1

Introduction

1.1 Background

A well-established method among building engineers and architects is the utilization of weather and climate data in
their design process to ensure that buildings are designed according to the prevalent climate at their geographical
location. This weather and climate data is used to simulate various aspects of the building, from structural loads to
the annual heat balance, and it aids the continuous decision-making that engineers are confronted with throughout
the design phase. In Denmark, the weather data used for indoor climate calculations is from a standardized Design
Reference Year (DRY) weather �le based on measurements from the Danish Meteorological Institute (DMI) and
is binding to such an extent that it is required for the energy performance calculations to gain a building permit.
The weather �le is the aggregate of measurements from �ve to six di�erent locations across the country, spanning
a total of 10 years, which are manually stitched together to create an average year of weather data applicable to
the whole of Denmark. [5] [9]

The meteorological weather stations that provide the data for the data set, operate according to the World
Meteorological Organization, which prescribes ground-based temperature sensors to be located at a height of two
meters above the ground, equipped with a radiation screen and protected from precipitation, which reduces the
impact of long-wave radiation from surrounding structures [6]. While this temperature data is su�cient for most
energy calculations like transmission losses where the building envelope is in contact with the largely una�ected
ambient air, in other use cases where temperatures di�er heavily from the ambient temperatures, a potentially
signi�cant error is introduced to the calculations.

One �eld of study related to building energy where the ambient temperature has repeatedly been found to be
vastly di�erent from true air temperature, is the urban microclimate. Existing research often applies the term
micro-climate to cover the area of an entire city, studying how the climate changes between its boundaries and the
rural land surrounding it. Taking aspects such as the urban heat island e�ect and materials with a low albedo into
account, temperature deviations of multiple °C can be observed between cities and their surroundings [1], yet this
scale still neglects a lot of thermodynamic nuances of microclimates on even smaller scales.

Scales smaller than a city or a district have seldom been assessed when examining micro-climates, yet signi�cant
temperature gradients on a scale of just a few meters have been observed [2]. This is speci�cally applicable to dark
surfaces like asphalt on roads or bitumen on roofs due to the low albedos of the respective material. Convection
heats the closest air layers in direct proximity to these surfaces, creating an unstable temperature gradient. This
scale of micro-climate has largely been overlooked in research, yet it is on this scale that crucial supply systems can
be located. Notably, the ventilation unit, or at least the air intake, is sometimes placed on the roof of buildings
due to space restrictions, but standard building energy modeling software does not account for the impact of this
micro-climate.[4].

With always-increasing energy frame requirements in Denmark, the risk of overheating in buildings also becomes
more prevalent, leading to more frequent use of cooling coils in HVAC units [8]. The energy demand of these devices
is directly linked to the temperature of the inlet air they receive, where the abnormal temperatures in microclimate
potentially impact the e�ciency of cooling coils. Understanding the magnitude at which environmental parameters
impact the actual temperatures in the �rst two meters above the roof surface is crucial to calculating and judging
the designs of structures within this zone. To overcome this, a solid foundation of empirical data from the urban
micro-climate on top of 
at roofs must be collected. With empirical data as a foundation, a standardized method
can be developed, which helps engineers correct the energy demand of roof-mounted ventilation units and allows
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them to make nuanced design decisions when working within the microclimate.
This project aims to signi�cantly expand upon the collection of microclimate data on the most common type

of roofs found in Denmark and to create a proof of concept on how this data can be used to correct the energy
demands of cooling coils in ventilation units for a given microclimate.

1.2 Problem statement

Due to the complex nature of construction projects, a building ventilation system may occasionally be placed on
top of 
at roofs, which exposes them to yet relatively unexplored microclimate conditions, which may introduce
substantial variations to the temperatures it experiences compared to the standardized weather data used in building
energy calculations. This discrepancy between the standardized weather data used and the actual characteristics
of microclimates on top of dark 
at roofs in urban areas potentially introduces an error to the building energy
calculation process, leading to ventilation systems not appropriately designed for a given environment. This results
in ine�cient use of resources and a potentially less sustainable building. To mitigate this uncertainty, extensive
empirical data needs to be collected and analyzed, resulting in the following research objective:

How can empirical data and predictive modeling be utilized to accurately incorporate
micro-climatic conditions of 
at roofs into ventilation design and energy consumption calculations?

1.2.1 Research Questions

Breaking down the problem statement into its individual components, the following research objective emerges
which will be addressed in this report:

ˆ How do environmental factors in
uence an urban local micro-climate system?

ˆ How can empirical micro-climate data be extrapolated to predict micro-climates?

ˆ How does the microclimate a�ect the annual energy consumption and peak loads of HVAC units placed within
the microclimate?

ˆ How can engineers incorporate these results into their design and energy calculation practices?

1.2.2 Delimitation

To answer the research questions, the project will consist of a practical and theoretical component, the scopes of
which will be explained in the following section. A measurement campaign will be undertaken to understand the
local urban micro-climate conditions experienced on top of dark 
at roofs. This campaign is limited to locations
in Aalborg, Denmark, between early July and late November of 2023 due to the time frame of the master thesis.
Due to the nature of the problem statement, only 
at, accessible roofs with bitumen covering will be considered
prospects for installing microclimate weather stations. The recorded environmental parameters during the mea-
surement campaign are limited to the temperature gradient of 50 to 2000 millimeters above the roof surface and
pyranometer and anemometer readings for direct solar irradiance and wind speed, respectively. The placement of
the measurement devices for long-term measurements is limited to the properties of Aalborg University due to the
associated administrative and logistical hurdles of placing weather stations on third-party roofs. Reference data
sets to extrapolate the �ndings of the measurement campaign will be limited to DRY weather �les of 2010.

To allow other engineers to use the �ndings of this study, a tool will be made available that processes the
empirical data and applies the relations of environmental properties to other roofs. The prediction model will be
based on a black-box approach, meaning that the relations between the parameters will not follow known physical
principles but instead mathematical abstract ties. The inherent weakness of these models is that they cannot deal
with changes to the boundary conditions they haven't been trained for. This means that the model used in this
project will only apply to predictions for buildings with characteristics matching those of the case buildings.

The extraction of ventilation unit performance parameters will be done through the use of a Denmark-speci�c
indoor environment simulation software called BSim. Due to limitations within the software, other software may
be more suitable for this application. It is at the engineer's discretion to choose the most suitable software when
replicating the analyses of this study.
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Chapter 2

Methodology

Empirical data collection will be emphasized during this project to improve the understanding of thermodynamic
processes in micro-climates on top of 
at roofs. This data will then be used to assess the in
uence of the microclimate
on the performance and design parameters of roof-mounted ventilation units according to the methods outlined in
this chapter.

2.1 Micro-climate weather station

The microclimate will be recorded using a custom weather station, equipped with a total of eight temperature
sensors, which will be used to map the vertical temperature strati�cation, as well as a pyranometer and anemometer
for measuring the direct solar radiation and wind speeds. The weather station's construction and operation details
can be found in Appendix A, with the microcontroller code provided in Appendix G. The weather stations will be
employed for a 4.5-month period from July to November 2023, spanning two roofs on the Aalborg University campus
in Denmark. The recorded data will then be used to gain a general overview of how environmental parameters
interact with each other within the micro-climate on roofs, with a particular focus being placed on "�T", or the
temperature di�erence between the ambient temperature, and the temperature at a speci�c height above the roof
surface within the micro-climate zone.

2.2 Data extrapolation

Once the environmental parameters and temperature strati�cation data have been recorded, a regression model
will model the relations between the environmental parameters and the resulting temperature di�erence. The
exact model used the method behind using the recorded data for predicting temperatures in the microclimate are
elaborated in Appendix E. The tool aims to provide predictions for temperatures at various heights within the
micro-climate. The validation of the model will be done against measured data that has not been included in the
training data, and the mean absolute error across all known heights will be used to judge it.

2.2.1 Theories used in the extrapolation model

The following theories have been applied to the model to allow customization of the model to the user's case
building. These customization methods imply that all assumptions explained in Appendix E are ful�lled.

Reference weather data

In Denmark, the DRY weather �les have been created to function as a standardized weather �le for all energy
demand and indoor environmental calculations needed to obtain a building permit. While it is based on recorded
data from a 10-year time frame, it has been arti�cially modi�ed to represent a "normal year" across all parts
of Denmark. Since this weather data is used in all other aspects of Denmark's energy and indoor environment
calculations, it will also function as the base reference weather data for predictions and calculations made in this
project.
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Wind Pro�les

While the ambient temperature and solar irradiation can be assumed to be unrelated to the geometry of the
building and its surrounding structures (considering the inspected micro-climate location is not being shaded), the
site-speci�c wind speed can be mathematically adjusted to represent local conditions by de�ning the surrounding
characteristics and building height. For this, the wind pro�le power law will be used as shown in Equation 2.1

Vnew = Vref �
ln

�
hnew

z0;new

�

ln
�

h ref

z0;ref

� (2.1)

where:

ˆ Vnew is the wind speed at the new height.

ˆ Vref is the reference wind speed measured at reference height.

ˆ hnew is the new height for which the wind speed is being adjusted.

ˆ z0;new is the roughness length of the site at the new height.

ˆ href is the reference height at which the wind speed is measured.

ˆ z0;ref is the reference roughness length at the reference height.

In this model, the reference wind speed (Vref ) from the DRY weather �le will be used and adjusted through the
reference height (href ) (10 meters), along with the roughness lengths (z0;ref ) (0,3 meters). z0;new , and hnew will
be inputs of the user based on their site speci�cations.

2.3 Energy design analysis

Within this project's scope, the preferred tool for analyzing the impact of micro-climates on the demands of a
roof-mounted ventilation unit is "BSim". The speci�c simulation setup and speci�cation, as well as instruction on
how to apply the same idea to any other model, will be elaborated in Appendix D. The parameters to be analyzed
are the annual energy demand for cooling and the dimension giving peak loads for cooling coils.
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Chapter 3

Measurement Results

This chapter describes the results of the measurement campaign that has been undertaken to collect empirical data
for the urban micro-climate on two di�erent roofs. Further information about the selected roofs can be found in
Appendix B. The investigated parameters are the vertical temperature gradient with eight temperature sensors
within a 2-meter column, as well as wind speed and solar irradiation data. Measurements have been taken for
a total of 142 days between July 11th 2023 and November 28th 2023. The exact uptime of sensors is shown in
Appendix B

Before the main measurements, a pre-measurement has been undertaken to determine the optimal placement
of measurement equipment. Speci�cally, the impact of ventilation units themselves on the micro-climate has been
investigated. After isolating these parameters in a test setup, a signi�cant impact has been found from the presence
of a ventilation unit in the microclimate during sunny hours, which increases the overall temperature due to providing
additional heat capacity, re
ective surfaces, and wind protection to the areas in its direct vicinity. Detailed results
of the pre-measurement can be found in Appendix C

The main measurements aim to create a thorough understanding of the urban micro-climate on roofs by mea-
suring roofs with two di�erent wind exposure conditions. Next to the di�erences in wind exposure the two buildings
also have di�erent heights, which needs to be considered in further analyses. The speci�c building characteristics
of the two sites can be seen in Table 3.1.

Table 3.1: Placement criteria for weather station placement for main measurements.

Roof 1 (PON) Roof 2 (TMV)

Location Aalborg, Denmark Aalborg, Denmark
Height 4.5m 17m
Wind exposure Moderate High
Roughness length 1 meter 0.3 meter
Shading None None
Proximity to HVAC unit? 70 cm N/A

For data treatment principles for analyses in this chapter, see Appendix C.

3.1 General Micro-climate observations

First, the recorded temperature data will be presented to gain an overall understanding of temperature strati�cation
on 
at bitumen roofs. The general temperature strati�cation trend is evident when looking at 1 hour of a standard
summer day with high solar irradiation and low wind speeds in Figure 3.1. The measurement at 200 cm above the
roof surface aligns with DMI measurements of the same period from a weather station approximately 12 kilometers
from the measurement site, and the average temperature in the lower laying sensors continuously increases to a
maximum right above the roof surface.
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Figure 3.1: Visualization of temperature strati�cation on Aug. 2nd 2023 between 13:00 - 14:00 with DMI
temperature as reference for PON. Shaded area = std/2; Gray dashed line = std

Further observations are that due to the high sampling rate of 4 seconds, there is a signi�cant variance of
temperatures for every channel, with increased volatility closer to the roof surface. The largest temperature strati-
�cation occures within the �rst 20cm and it gradually become more uniform as the distance from the roof surface
increases. The above example shows the temperature strati�cation during a very sunny period with low wind
speeds. Comparing this period with other days of extreme weather conditions reveals the overall principle of the
interplay between the three parameters. The 4 scenarios shown in Table 3.2 represent chosen days according to the
following criteria:

Table 3.2: Overview of extreme day scenarios

Criteria 1 Criteria 2

Scenario 1 High Wind Low Solar
Scenario 2 Low Wind Low Solar
Scenario 3 High Wind High Solar
Scenario 4 Low Wind High Solar

Looking at the selected extreme days in Figure 3.2, the resulting �T between channel 8 (200 cm from roof)
and channel 1 (5 cm from roof) at di�erent wind and solar irradiation conditions shows, that solar irradiation is
required for temperature strati�cation to occur, while increased wind speeds have a reverse e�ect on �T.

7



Figure 3.2: Four selected extreme days with either solar or wind at an extreme level, neither at high levels, or
both at high levels. Data from PON

During periods of high solar irradiation and wind speeds of 1-2 m/s, �T spikes of up to 12°C can occur, while
there is virtually no temperature gradient during times of high wind speeds or low solar irradiation. The above
observations are based on data from PON, which is the more wind-shielded location. The same patterns and general
relations between the three parameters of wind, solar irradiation, and the �T can be observed in both locations.
However, the wind speed's intensity varies signi�cantly due to di�erent exposure levels, resulting in a generally
lower �T at TMV.

3.2 Site speci�c micro-climate observations

To further improve the understanding of the micro-climate, the two case sites will be analyzed, covering aggregated
data from the entire measurement period and focusing on the recorded temperature strati�cation under di�erent
environmental conditions. For these analyses, the temperature di�erence between Ch. 1 (5 cm) and Ch. 8 (200
cm) will be used as it is expected to have the strongest temperature gradient, resulting in better visualization
of patterns in the data. Firstly, the di�erent wind conditions must be considered as they signi�cantly reduce
temperature strati�cation.
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Figure 3.3: Comparison of wind speeds between PON and TMV roof with logarithmic wind pro�le correction
based on building heights and roughness lengths as explained in 2.1. PON data was recorded at a 4-second interval
and averaged to minute data, while TMV data was recorded in minute values.

The wind speeds in Figure 3.3 have been corrected for their wind pro�les, but despite this, TMV experiences
a roughly 20% higher wind speed than PON. When looking at the temperature di�erence between the lowest and
highest sensor in Figure 3.4, the impact of this di�erence on wind speeds becomes apparent with PON recording
a higher temperature despite both sites being exposed to the same solar irradiation. This, however, only occurs
during sunny periods|more cloudy conditions cause the temperature di�erence to be relatively equal.

Figure 3.4: Weekly average temperature di�erence between 8am and 6pm for Ch. 1 - Ch. 8 (5 cm - 200 cm) for
both measurement locations, with weekly average solar irradiation with the same time series �lters applied.

Combining the wind speed and solar irradiation as factors of �T for a longer period than during the extreme
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day observations, the trend noticed previously becomes even more apparent. In Figure 3.5, one of the environmental
parameters has been compared against �T , with the other parameter grouped into categories of low, medium, and
high presence.

Figure 3.5: Relation between solar irradiance, wind speed and �T of Ch. 1 - Ch. 8 (5 cm - 200 cm) at PON
(upper row) and TMV (lower row).

Most notably, all relations between the environmental parameters and � T are of an almost linear nature, while
clear di�erences between the impact of solar irradiation and wind speed can be drawn. Solar irradiation appears
to be the leading variable in determining the � T since especially in the range until 300 W/m2 for PON and 550
W/m 2 for TMV, the increase of � T is almost independent of the wind speed. After these limits, lower wind speeds,
especially at PON, result in a more signi�cant increase of � T, possibly due to the roof's geometry, with several
structures obstructing the air
ow, especially at lower heights above the roof. For the plots with � T as a function
of wind speed on the right side, a very di�erent picture is drawn, with the impact of wind speed being heavily
dependent on the presence of solar irradiation. As already observed with solar as a function of �T , the wind speed
only takes e�ect in reducing the slope above a solar irradiation of 400 W/m2 for PON and 600 W/m 2 for TMV.
Below these thresholds, the �T stays almost una�ected by the wind speed.
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3.3 Summary of measurement results

In conclusion of the impact of environmental variables, solar irradiation can be determined as the leading factor for
determining the � T, while the wind speed takes a secondary role, correcting the temperature di�erence, but only
during high solar irradiance. This principle will function as the basis for predicting � T on other roofs. Regarding
the typical � T values found during the measurement campaign, which in the end impact the e�ectiveness of the
cooling coil, the focus should be placed upon summer measurements from July (the start of the measurement period)
till the end of September. The key � T values are summarized in Figure 3.6, showcasing the "overall" dataset, which
is un�ltered regarding the time of the measurement; the daytime dataset, which is �ltered for hours between 08:00
and 18:00, where the cooling coil is expected to be used for standard o�ce hours, and the peak 5% temperatures
which are important for determining the change to peak loads of the cooling coil.

Figure 3.6: Overview of average � T across all channels from aggregated PON and TMV data for three categories.
Datatable of key results below. Complete data table with weekly averages per channel can be found in Appendix C

Height Overall Daytime (8AM-6PM) Peak 5%

5 cm 0.91 1.46 3.50
30 cm 0.34 0.67 1.98
50 cm 0.10 0.36 1.66

In the context of the used weather station, the 5 cm measurement represents the measurement closest to the
ground and, therefore, is theoretically the most impacted by convection from the roof surface heating the air in the
microclimate. During daytime hours when a cooling coil would typically be operated, the average �T is found to be
1.46°C, which can signi�cantly impact the energy demand for cooling. Since this is a mean value across a timeframe
of eleven weeks, peaks on warm summer days are even higher, which is also when cooling coils are used the most.
The heights 30 cm and 50 cm have been chosen as key values since they cover the range at which inlet ducts of
roof-mounted ventilation units are commonly positioned. These heights already show a signi�cant reduction in �T
of more than 50% and 75% compared to 5 cm. While the drop is substantial, it may still noticeably impact the
energy demand.

In the next sections of this report, these conclusions will be applied to model the prediction tool, which allows
the application of the microclimate analysis onto other roofs, and the resulting � T summarized in Figure 3.6 will
be used to calibrate the building energy simulation model, which will then return the impact on the cooling coil.
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Chapter 4

Prediction Tool

The � T found for this project's case buildings in Table 3.6 is a product of the exact weather that occurred
during the measurement period, with the speci�c building geometry and surroundings also playing a role. To
make the results transferable to other buildings so that other engineers can make use of the insights for their
own projects, the pattern between the variables of solar irradiation, wind speed, and temperature needs to be
numerically approximated, building-speci�c parameters need to be accounted for, and the underlying weather data
needs to be generalized. For this purpose, a tool has been developed, which allows engineers and architects to
apply the principle of microclimate strati�cation to their case buildings. Ideally, this would be done in a white box
model, which accurately models the real thermodynamic processes of the microclimate. Due to the complexity of
such models, a more straightforward black box approach has been chosen, which, through regression modeling of
the relations found during the measurements and presented in 3.2 predicts microclimate temperatures in various
settings.

In this chapter, the basic principle of this regression model will be elaborated, with an overview of how the
model has been tested and validated. Lastly, some example results of the tool will be presented, which will be used
in the next step to determine the energy demand impact of the microclimate predicted here.

4.1 Function

Fundamentally, a linear regression model approach has been chosen as the relationships between solar irradiation,
wind speed, and the temperature strati�cation identi�ed in Figure 3.5 are primarily linear. The solar irradiation has
been determined as the leading factor for the temperature strati�cation, meaning that it receives a higher weight
in the linear regression. In the �nal application of the model, all available valid data from the measurements from
both locations have been combined and used as training data. An individual regression model for every one of the
microclimate temperature channels is created, �tting it to the training data to reduce the mean error across the
dataset. To achieve this, the model has been �tted for solar irradiation and wind speed, and a �nal coe�cient has
been added to remove any mean error. To account for the di�erent wind pro�les at the two locations, which are
at vastly di�erent heights and exposure levels, as well as to allow comparison of the measured data to 3rd party
roofs, the recorded wind speeds have been adjusted to the wind pro�le through the use of the logarithmic wind
pro�le Equation 2.1. A detailed description of the data �lters used, the wind pro�le adjustment, the �nal regression
equations and the code for the tool are provided in Appendix E. A detailed user guide on how to use the tool for
other roofs is provided in Appendix F.

The �nal linear regression Equation 4.1 has been used for modeling with a main linear term describing the
relation between � T and solar irradiation. Further, the impact of wind has been corrected with a second linear
wind-related term, and the mean error per channel has been corrected with the constant "c".

� TCh = a � Solar + b� W ind + c (4.1)

Where:

ˆ � T : Temperature di�erence between the channel and the ambient temperature in°C

ˆ Solar: Solar radiation in W=m2

ˆ W ind : Adjusted wind speed in � C
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And the coe�cients a; b; crepresent:

ˆ a: Coe�cient for solar irradiation.

ˆ b: Coe�cient for wind speed.

ˆ c: Channel-speci�c constant, correcting for mean error.

The model is trained on the measured data presented in Appendix C and the resulting models are then fed
with weather data in the form of DRY 2010 weather data. To apply the tool to other climates, the weather
data needs to be exchanged with di�erent local or nationally standardized weather data sets. The model is only
trained on heights where temperature sensors were installed for the weather stations. To also allow for predictions of
temperatures between the known channels, in-between heights will be determined based on polynomial interpolation
from the surrounding channels. User-speci�c inputs for the roughness length and building height in question will
be made available, and the wind speed of the base weather �le will be adjusted accordingly. With the temperature
di�erences predicted at various heights in the microclimate, these temperatures will then be converted to potential
energy demand impacts for the annual energy demand or peak loads of cooling coils in roof-mounted ventilation
units.

4.2 Validation

During the �tting of the models, 20% of the raw data has been used for testing the resulting equations. The mean
absolute error (MAE) is the main performance indicator for the accuracy of the models. The mean error has been
nulli�ed when �tting the c-constant. Table 4.1 shows the MAE for each channel, based on 20% of the dataset acting
as testing data with randomized samples from across the dataset.

Table 4.1: Mean error at di�erent channels for TMV and PON.

Height (cm) MAE ( °C) Mean Error ( °C)

Ch. 1 5 0.43 -0.0
Ch. 2 10 0.45 -0.01
Ch. 3 20 0.45 -0.01
Ch. 4 30 0.37 -0.01
Ch. 5 40 0.27 -0.0
Ch. 6 50 0.34 -0.0
Ch. 7 100 0.21 0.0

Lower channels show a higher mean error which can be drawn back to generally higher temperature 
uctuations
right above the roof. As the distance to the roof surface increases, the MAE decreases as well. A MAE below
0.5°C is found to be acceptable considering the standard deviation of measurements of multiple°C as shown in
Figure 3.1 and Figure 3.5, and considering the variance of temperatures between sensors found during calibration
(see Appendix B).

4.3 Prediction results

To showcase the general predictive capabilities, the model has been applied to an arbitrary roof, simulating the
daytime hours of the summer period from June to September. Figure 4.1 shows that the same trends as in the
exemplary day shown in Figure 3.1 can be observed with stronger temperature strati�cation for the lower channels
and a gradually decreasing temperature di�erence for the upper channels.
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Figure 4.1: Predicted temperatures for each channel with DRY2010 as base weather �le. Predictions are mean
temperatures for the summer months with time �lters limiting it to datapoints between 08:00 and 18:00. Green
band showing the MAE from Table4.1; Dashed line shows� 10% range of data points

Since the plot is based on a signi�cantly larger data set compared to the exemplary day, the strati�cation has
signi�cantly smaller extremes. Additionally, despite correcting the wind speed for the case-speci�c wind exposure,
the DRY 2010 weather data �le has a signi�cantly higher mean wind speed, resulting in generally lower observed
� T.

The above plot is subject to the wind speed correction of the chosen building parameters. These can be replaced
by the users with case-speci�c parameters. The magnitude of hypothetical changes to these parameters is shown in
Figure 4.2, where di�erent building heights and roughness lengths are compared.

Figure 4.2: Comparison of the impact of changing wind speed related site-speci�c parameters (Roughness length
"r" and building height "h") with all �lters from Figure 4.1 applied.

Clear trends resulting from the changed building parameters can be observed, with taller (higher "h") and less
exposed (smaller "r") buildings experiencing higher wind speeds and, therefore, narrower temperature gradients.
The above predictions of the model act as a proof of concept. Before the results are used for design decisions,
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case-speci�c customization of the tool needs to be made. A detailed description of how the tool functions and how
to customize the tool for other buildings is explained in Appendix F.

4.4 Limitations

The tool can predict temperatures at di�erent heights in the microclimate with acceptable MAE margins, as shown
in Table 4.1. Still, there are signi�cant limitations to using the tool when attempting to apply it to other roofs.
Firstly, all training data is based on a measurement campaign done on roofs with a black bitumen surface, meaning
that other roof surfaces with other albedos would result in di�erent patterns. Further, all measurements were taken
in locations without natural shading from surrounding structures. If predictions are made for sites with partial
shading on the HVAC unit inlet, the tool will not be able to account for this. The model has only been trained
on environmental parameters of solar irradiation, wind speed, and ambient temperature. Factors such as relative
humidity or wind direction have not been considered but can also physically impact the microclimate. Lastly,
the roof's geometry and peripheral strictures can impact the experienced wind speed on roofs, which can not be
accounted for by the roughness length. If the target roof layout signi�cantly di�ers from the rather open roofs of
the measurement campaign, the accuracy of predictions may be substantially reduced. Roof layouts are described
in Appendix B.
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Chapter 5

Energy Demand Analysis

After determining the temperature di�erence at a speci�ed height in the microclimate zone, the resulting impact
on a cooling coil can be determined. For this, an energy simulation model must be created, which allows the
isolation of the inlet temperature variable. Di�erent indoor environment simulation programs can be used for this
purpose if they ful�ll the functional demands outlined below. In the context of this project, the software "BSim"
has been utilized, which is the standard in Denmark for indoor environment and building energy design simulations.
The following chapter describes the principle upon which the energy demand analysis has been conducted to allow
replications for other case buildings. The models used in this analysis are of exemplary nature and do not represent
actual buildings.

5.1 Functional demands

The main functional demand of the energy demand analysis model is the ability to isolate the ventilation inlet
temperature as a variable, which then mimics the temperature changes in the microclimate. Further, the software
must be capable of calculating the resulting energy demand of cooling coils of ventilation units, as well as their
peak load capacity.

5.2 Example model

Ideally, the microclimate temperature resulting from the prediction tool is directly applied to the inlet air temper-
ature. This way, the impact can be assessed with the highest accuracy. In the case of this project, which utilizes
BSim, this was not available, so the following workaround has been made:

An example room has been created, representing a typical o�ce. To mimic the microclimate, a source room has
been created with properties that react to environmental changes in a similar manner as an open space on a roof
would, with the variables shown in Table 5.1 being tweaked until the thermal behavior of a microclimate on a roof
has been replicated.

Table 5.1: Source room properties to replicate microclimate on roofs.

Component Properties E�ect

Skylight size, g-value Passive solar gain to replicate
impact of solar irradiation.

Window (South
Wall)

size, g-value Passive solar gain to replicate
impact of solar irradiation.

In�ltration Air change rate Replicates impact of wind.

Envelope Thickness, Transmission Heat capacity of envelope deter-
mines the latency of temperature
decrease after environmental pa-
rameters have changed.
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This source room is then selected as the source of the ventilation system for the target room. A detailed
description of the model with the setup and parameters of the source room, as well as the ventilation principle and
assumed loads of the target room are explained in Appendix D.

5.2.1 Weather Data

The weather data in BSim is sourced from DRY �les. This is compatible with the predicted microclimate temper-
ature from the tool, which uses the same DRY weather data as input to make predictions. Simulations have also
been run with future expected weather data from the DRY 2050 weather �le, but the results have been deemed
unusable. The wind speed in that �le is approximately twice as high as for the 2010 weather data which heavily
reduces all � T predictions and doesn't add value to the analyses of this research.

5.2.2 Model Types

The target building's properties can impact the magnitude of energy demand changes from the microclimate since
the cooling coil usage also depends on the internal loads and size of the building. Several models of varying sizes,
passive solar gains and internal loads have been created to cover a more extensive variety of target buildings. The
properties of the three buildings/rooms are summarized in Table 5.2.

Table 5.2: Summary of target room properties.

Models Size (m 2) Glass to 
oor ratio (%) Number of occupants � T variance

Small o�ce 30 15 4 0-3.5; increments of 0.5
Medium o�ce 60 13 10 0-3.5; increments of 0.5
Large o�ce 160 43 20 0-3.5; increments of 0.5

5.3 Model Validation

The source room is modeled for each target room to have temperature di�erence variations covering the spectrum
of what was measured during the measurement campaign. This is done at 0.5°C increments. Next to the average
� T, other microclimate characteristics must also be validated across the simulation period. Firstly, the peak
temperature di�erence should match the measurements to receive an accurate estimation of the peak load for the
cooling coil. These peaks should also occur in a somewhat similar frequency as during the measurements, and the
general pattern between wind speed, solar irradiation and temperature di�erence should match. For this, the three
parameters are plotted as a heat map as shown in Figure 5.1.

Figure 5.1: General relation between solar irradiation, wind speed and the resulting �T of Ch. 1 - Ch. 8 (5 cm
measurement - 200 cm) and the BSim simulation results. Simulation data on the left, Measured weather data on
the right. The data represent hourly averages values.
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The scale of peak temperature di�erences and the position thereof on the heatmap somewhat match, meaning
that the simulation results are an acceptable representation of the microclimate. The wind speed in the DRY2010
weather �le is generally higher than the measurement results, making a perfect match impossible.

5.4 Simulation results

Running the simulations for three o�ce types explained in Table 5.2 indicates the general magnitude of temperature
di�erence impacts on the e�ciency of cooling coils. As shown in Figure 5.2, the impact increases almost linearly
with increasing � T values.

Figure 5.2: Graphical representation of conversion table from � T to increase in annual and peak energy demand
of cooling coils for o�ces of three di�erent sized. Shaded areas indicating � T from measurement results for daytime
average (green) and peak 5% (blue) .

The trend is very similar between the di�erent o�ces, with the annual energy demand being impacted more
than the peak loads. Yet, both show signi�cant increases in the energy demand. Looking at the key �Ts from
Figure 3.6, the daytime � T range between 30 and 50 cm above the roof would result in an average increase of the
annual energy demand for cooling between 10% and 15% depending on the building size and internal loads. The
peak 5% of the recorded �Ts for these channels lays between 1.65°C and 2°C resulting in an increased peak load
capacity between 55% and 73%, meaning that ideally, the cooling coil needs to be dimensioned signi�cantly larger
compared to scenarios without a microclimate related temperature increase.

5.5 Microclimate mitigation strategies

The results shown in Chapter 5.4 indicate a signi�cant impact on the energy demand of cooling coils caused by
temperature strati�cation in the microclimate. If engineers judge this negatively impacts their designs, the e�ect
can be mitigated in several ways. Chapter 3 determines the solar irradiation to be the driving factor for increased
temperatures in the microclimate, so positioning a roof-mounted HVAC unit in a shaded place on the roof would
be the �rst and most impactful step. Alternatively, additional structures providing shade on the inlet area can be
implemented, or the unit can be positioned so that the body of the unit shields the inlet area from direct solar
irradiation, f.e. with a north-facing inlet duct. Secondly, the inlet height of the ventilation unit plays a signi�cant
role in the temperature increase, so this is a variable that engineers can adjust. Either the inlet duct can be placed
as high as possible above the roof surface, ideally between 100 cm and 200 cm, where the smallest �Ts are found
according to Figure 4.2, or if a standardized AHU is used where the inlet height is not adjustable, the unit has
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a whole can be raised, subsequently raising the inlet height. Lastly, wind exposure can be used to reduce the
temperature of the microclimate zone in which the AHU is positioned. The natural air exchange of the wind can
be utilized by purposefully placing the unit in a section of the roof where the predominant wind direction is the
least obstructed.
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Chapter 6

Discussion

The magnitude of temperature strati�cation within the vertical 2-meter microclimate zone on 
at roofs has been
successfully determined, and the impact of the most signi�cant environmental parameters (solar irradiation and
wind speed) within the microclimate have been numerically quanti�ed. Additionally, the potential e�ect of the
microclimate temperature strati�cation on the e�ciency of cooling coils for a selection of case buildings has been
determined. The relationships between environmental variables and the resulting temperature di�erence have
been modeled, and a prediction tool has been created to apply this research's �ndings to third-party roofs. This
improves the ability of engineers and architects to judge the bene�ts and drawbacks of di�erent ventilation unit
designs and placements when these are located within the microclimate. While general guidance for microclimate
impacts on ventilation units is provided, this research has not accounted for many minor environmental variables
and building characteristics that also in
uence the microclimate. The relationship between solar irradiation and
temperature strati�cation can accurately be predicted, giving engineers important insights, but in the current state
of the prediction tool, there is no possibility of including the impact of partial shade from surrounding structures
on the ventilation unit, severely limiting the application range of the models. With wind being an essential factor
in
uencing the microclimate, the degree of shielding plays an equally signi�cant part, but to include this in the
analysis, case-speci�c information on peripheral structures on a roof and the exact wind direction need to be known.
The analysis and prediction tool currently neglect this. Further, the measurements have only covered dark bitumen
roofs, meaning that the analysis results and prediction tool only apply to roofs with the same albedo. To address
this, further measurements on roofs with di�erent building materials are needed, which would allow the inclusion
of the surface's albedo as a variable in the analysis. The measurements and prediction tool only cover summer
climates and point out negative impacts on the cooling coil of ventilation units. Potential bene�ts for periods where
the ambient temperature falls below the ventilation inlet temperature set point are not investigated. Yet, they are
necessary for a nuanced judgment of the year-round impact of the microclimate since temperature increases during
wintertime may o�set parts of the energy demand increase in the summer. In conclusion, the current state of the
analysis and prediction tool provides a thorough understanding of the microclimate during the summer period,
giving engineers and architects a foundation for incorporating microclimate impacts into their designs. Still, several
improvements must be made to expand the cases where the results and �ndings can be applied to other buildings.

6.1 Suggestions for future work

Further measurements and development of the prediction tools are needed to resolve the shortcomings outlined
in the discussion. While the measurement campaign of this project has been more extensive than any other
research on the �eld of microclimate, it failed to capture the microclimate across a full calendar year, resulting
in only partial data points for the winter month. To remedy this and to be able to extrapolate �ndings for the
heating period as well, measurements should be expanded to cover an entire year. Further, the weather stations
have been equipped with 8 temperature sensors for di�erent heights above the roof, but only one anemometer
placed at 200 cm above the ground. Due to this, a discrepancy between the actual wind speed experienced by
each channel individually and the measured windspeed may have introduced an error, reducing the accuracy of the
determined regression between wind speed and microclimate temperatures. Having an independent anemometer per
temperature sensor can avoid this error. Regarding the prediction tool, many shortcomings regarding its versatility
have been outlined in the discussion. The most direct solution for this would be creating a white box model that
incorporates all thermodynamic principles at play in the microclimate, which is then validated with the measured
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data. To improve the existing black box model, more data and more environmental variables would improve the
accuracy and bring its accuracy and versatility closer to a white box model. Speci�cally, environmental parameters
that impact the heat transfer within the microclimate, like relative humidity, , a windshield coe�cient, the wind
direction and measurement data from roofs with di�erent albedos, would improve the model's versatility. Currently,
the energy demand analysis has been solely based on simulations of the microclimate and cooling coil e�ciencies.
Complementing this step with empirical Building Management System (BMS) data from an actual AHU in the
microclimate would allow for a more thorough model validation.
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Chapter 7

Conclusion

Aligning with previous research on the topic, the micro-climate on roofs has been found to signi�cantly di�er from
the general climate typically used in building design and energy calculations. A persistent temperature strati�cation
has been identi�ed, together with the primary environmental factors of solar irradiation and wind speed a�ecting it.
As part of this research, this phenomenon has been found to impact the energy demand of cooling coils, revealing
a substantial discrepancy between the assumptions made during ventilation design and the actual conditions that
HVAC units are exposed to when positioned within the microclimate. The measurements of temperature, solar
irradiation, and wind speed have been used to model the interplay between these variables in the microclimate,
and the resulting models now enable engineers to attain a better understanding of the thermodynamic implications
of placing a ventilation unit on the roof. The microclimate models used in the prediction tool allow engineers to
transfer the results from this study to other roofs, aiding in calculations and the decision-making for ventilation
design. While there are limitations in the tool's versatility to deal with conditions signi�cantly di�erent from
the measurements, it still indicates general trends of how the microclimate di�ers from the local climate. Once
the shortcomings of the prediction tool are resolved with further measurements and a more complex model that
includes more environmental variables, it has the potential to increase the accuracy of energy models of buildings
and prevent under-dimensioning of cooling coils, as well as indicate the most e�cient and sustainable placement
of HVAC units. This study enhances the precision of microclimate modeling on urban rooftops, o�ering a more
accurate framework for HVAC system design and energy e�ciency, thereby contributing to advancing urban building
practices in response to environmental variables.
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