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Chapter 13

Conclusion

In this chapter, a reflection on the research covered in this thesis is provided. This is done
in subsection 13.1 by summarizing what was the goal of this research. The next subsection
revisits the research questions and the related chapters to each question. Then we discuss the
possible future work. The last subsection is an outlook.

13.1 Summary

This dissertation presents research aimed at investigating the roles that computational models
can play to reduce the use of fossil fuels in the residential energy sector. More specifically,
we have focused on the different roles of computational models in the domestic energy
consumption and production. We did this by exploring different types of modeling techniques.
These provide contributions to energy saving, more efficient applications of renewable energy
sources and increasing the awareness of people about their energy usage and its costs. The
collection of articles presented as chapters in this thesis all contributed to the research
questions introduces in Introduction chapter. In the next subsection, we will look more in
detail how we answered the research questions.

13.2 Revisiting the research questions

The main research question of this thesis investigates the role that computational modeling
can play in understanding, simulating and influencing domestic energy systems. More
precisely, the main research question of this thesis was

How can computational methods contribute to a reduction in the use of fossil fuel in
the residential sector?
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This question was decomposed into four sub-questions. There are several chapters
relevant for each question. In line with the sub questions, the thesis is organized into four
parts. Each chapter provides a partial answer to the relevant sub question. Here, each question
and its related chapters are addressed briefly:

RQ1: How can we use computational models to apply heat pumps more smartly
and thus reduce their electricity usage?

An air source heat pump (ASHP) is one of the significant devices that are used in houses
to reduce energy usage. However, because its performance is influenced by many different
factors, managing it is not a trivial task. Therefore, using modeling techniques can be useful
in different ways.

In Chapter 2, the daily electricity usage to heat the space of a house by using an
ASHP was analyzed mathematically, and an analytical model was suggested and
used for estimating the electricity required by an ASHP in different scenarios.
This model gets as input a scenario concerning the thermal features of the house,
the climate situation, and the warming program, and returns the amount of
electricity consumption for this scenario.

In Chapter 3 a computational model was proposed to estimate the daily energy
usage of an ASHP that is used both for sanitation water and space heating in
a house, taking into account the effect of the behaviour of users in using hot
water or wasting the heat energy. The input of this model is the minimum and
maximum daily temperature of ambient air, which affects both the required
energy for space and water heating and also the performance of the ASHP. The
parameters of this model were set based on the real data.

An important characteristic of ASHPs is that their performance depends on other
aspects like the outdoor temperature and humidity. In Chapter 4 we studied the
performance of an ASHP related to the humidity and temperature of ambient
air. This leads to a computational model of the performance of an ASHP that
can be a useful tool for prediction and decision-making. In this chapter, we used
a real dataset collected from some houses in different regions in Belgium and
the Netherlands to study the effect of different aspects on the performance of an
ASHP.

The number of heat pumps in the EU is growing fast [1]. In Chapter 5 we
studied the reasons of not using this technology in developing countries with
an oil-based economy, like Iran. We found out that even though some research
was done on this technology in Iran, almost all of this is on ground source heat
pumps, which is not the best option for that climate, especially for domestic
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purposes. On the other hand, we find out that economical subsidies on the
energy (gas, oil, electricity) do not motivate people to shift their usage toward
less consuming devices that need some initial financial investment (like heat
pumps). Therefore, people find cheap devices with high usage economically
better than heat pumps.

Together, these chapters show that computational models are useful tools for determining
the economical and energetic benefits of heat pumps. We can use these models for under-
standing and predicting different aspects, like the performance of a heat pumps, electricity
usage of an AHSP to heat a house, and required investments and benefits of using an ASHP
in different regions.

RQ2: How can computational methods be used in designing efficient PV systems?
The most practical way to produce green energy in houses is using PV solar panels.

However, the amount of energy production by PVs is largely dependent on their location and
orientation. There are two chapters that study the performance of PVs in relation to their
position.

In Chapter 6 a computational model is used to perform simulation experiments
to predict the generation of solar panels installed in a house, based on their
location and orientation. The result of this simulation scenario is compared to
real data collected in that house for a whole year. Such a pre-analysis can be
used for selecting the best possible location and orientation to install PV panels
to maximize their overall electricity production.

Chapter 7 focused on the long-term changes of the performance of PV systems
installed in a house. In this chapter, we studied the degradation rate of installed
real world domestic PV systems. We find out that degradation rate of domestic
PVs is higher than PVs installed in solar farms. It may caused by poor mainte-
nance (not cleaning which leads to the dust and erosion). On the other hand, we
learned that the dynamics of the environment (e.g., growing trees creating more
shadow over the years) might cause a higher degradation rate for PV systems,
which leads to a poor performance in long term.

In this part, we showed the potential of the models for selecting the best location and
orientation to install PVs in a house. This is done by taking into account both the short term
production and long term performance of PV systems.

RQ3: How to understand the thermal characteristics of a house and the heating
system by analyzing temperature and energy usage data?
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As mentioned, we can use computational models to simulate and predict the energy
usage in houses. Such systems have many different inputs and are able to simulate the
effect of different aspects. An important aspect in domestic consumption is the (thermal)
characteristics of the building. However, calculating the exact value of these parameters is
difficult without precise thermal experiments.

In Chapter 8 we propose a modeling approach to estimate the energy that is
consumed for space heating in a house. In this procedure, we took the character-
istics of the house as the parameters of the model, and tuned these parameters
by using three months of collected data on daily averages.

Chapter 9 presents a more advanced data analysis technique to estimate the
thermal characteristics of the house. Unlike the method in the previous chapter,
the anomalies in the data caused by human behaviour are removed, resulting
in a more precise estimation. The required data used by this technique can be
collected by a simple thermostat. The presented method was evaluated using a
dataset collected from 99 houses.

In Chapter 10 a data analysis approach was suggested that can be used for
diagnosing the malfunctioning in a domestic space heating system. By using
this approach, a thermostat (or a mobile or web application) could distinguish
between the following kinds of malfunctioning in the heating process of a house:
a drop in the performance of the heating device, high energy loss because of the
supposed behaviour of residents in opening windows and doors frequently and
for long time, and high energy loss because of a low insulation level of building.

In summary, these chapters show how data that can be easily collected by a thermostat can
be used to understand more about the energy usage in a house. By combining the laws from
Physics and data analysis techniques, it is possible to extract and estimate much information
about the energy usage in a house. Such information can be used to increase the awareness of
the householders about their energy consumption, or can be used to generate proper feedback
or advices for them.

RQ4: How to use computational modeling and simulation to support people to
their energy usage time?

Dynamic pricing is a common approach to achieve a better balance between renewable
energy production and energy usage. This assumes that individual households adapt their
energy usage patterns to energy prices. The behaviour of consumers in a household is an
uncertain factor that might influence the effectiveness of energy controlling strategies. In
fact, people sometimes respond in unexpected and undesirable ways to rewards and sanctions
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intended to shift consumers’ cost–benefit calculus in favor of sustainable behaviour [2]. In
the smart grid domain, the focus usually is on the technical aspects and financial incentives.
Behavioural (and social) aspects need more attention [3].

Chapter 11 showed the information about the (expected) showering time of
residents can be used to shift the time of usage more efficiently from peak hours
to non-peak hours; consequently, it can lead to a reduction in costs. We did
this by comparing simulation results of different controlling strategies (pre-
heating versus non pre-heating) in combination with behaviour scenarios, and
by investigating what maximum temperatures for pre-heating is the best choice.

Chapter 12 investigated a computational model to simulate the dynamics of
cognitive states of a person during behaviour change. Domestic energy usage
was the application domain of the simulated scenarios. This model was designed
at the conceptual cognitive level, which is based on the neurological theories
but abstracting from low level details. This model can be used as the basis
of a human-aware smart support system, or can be useful for policy makers
to increase their awareness about the behaviour of people and understand the
reason of unexpected behaviours.

In this part, we understand that human behaviour has an important role in energy consump-
tion, and the energy consumption strategy can be much more effective by using information
about the behaviour of people. These strategies would become even more applicable if people
become more flexible in their behaviour and change habits.

13.3 Limitations and future works

There are numerous different ways to continue the work described in different parts of this
thesis that would be worthwhile. This section highlights various possibilities for future work
for each part and research question:

Part 1/ RQ1 investigated the use of computational models to control air source heat
pumps more smartly for space and water heating purposes.

• There is much research which tries to model the performance of a heat
pump by modeling the performance of the different components of it (e.g.,
[4, 5]). However, there is less work that does the modeling by looking at a
heat pump as a package or black box [6]. The advantage of such a model
is that for tuning it needs less data. Moreover, due to the accumulated error
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of different components of a heat pump, the result of our type of modeling
can be at least as good as component-based modeling.

The performance of an air source heat pump mainly dependents on the
outdoor temperature, but also on other aspects such as humidity and water
temperature. Suitable future work can be proposing models for predicting
the performance of an ASHP based on different aspects including water
temperature and humidity. Different models can be developed for different
situations based on the availability of data.

• In one chapter in this part (Chapter 2) a heating program is addressed and
the electricity usage by a heat pump is calculated based on the weather
forecast. In this work, it is assumed that the heating program is fixed.
However, a nice future work can be adding some flexibility to have a
tradeoff between energy usage and the comfort level of residents. As an
example, evaluating the possibility to postpone the heating to the afternoon
when the outdoor temperature reaches to its peak and the performance of
ASHP is high.

• In models presented in this part we considered different aspects in the
electricity consumption by a heat pump; however, we neglected some other
aspects. In future, the effect of these features can be studied and models
can be presented which taking these aspects into account as well.

As an example, such a model can use information about the behaviour
of the residents, which can have an important effect on the optimization
results when we want to find the best possible heating program in houses.
For example, residents can spill energy by opening doors and windows.
On the other hand, uncertainty on the human aspects can be seen as a big
challenge (like [7]). In this case, systems should be able to update their
analysis and re-optimize their program based on unexpected behaviours
and the new sensed data.

• Another way to optimize such a program is by learning the pattern of
behaviour of residents in different aspects (learning the preferred schedule,
time of sleep, times that there is nobody at home, time that people come
back to home, ...). There is some research in this domain (like [8]). Also,
there are some commercial products (like Google Nest [9]), that try to
learn these behaviours.

• Another suggestion for the future is using mathematical-computational
modeling for finding the best time to turn on/off the heat pump to meet
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particular program/temperature range at a particular time. It would be
based on different aspects, like the program itself, the prediction about the
energy loss, predictions about the performance of ASHP.

• In the proposed approaches, a program is applied based on some predic-
tions (for example, predictions about the number of people in house in
the next hours). However, in many cases these predictions may be not
correct (for example, due to the uncertainties in the behaviour of people).
Interesting future work can be studying the methods for rescheduling the
program based on new sensor data.

• In the last chapter of this part we study the efficiency of ASHP in different
regions of Iran. Regarding this work, we would suggest to use such a
modeling approach to analyze the current and also the future plans for
energy infrastructure (e.g. electricity grids, gas pipelines, ...) for cities and
villages. In some cases, a government plans to invest a lot to make new
electricity grids and gas pipelines to outback villages, and also reserves
money for the required maintenance. Another option could be to just make
electricity grids and economically help rural people to install heat pumps
in their houses. By using a modeling approach it would be possible to
compare the outcome of these different strategies.

• If we have more empirical data, it can be studied to what extent the inherent
fluctuations in demand for both sanitation water and space heating can be
included in the model by adding log data on the behaviour of persons in
the house; e.g. when they are present and when they use the bathroom.

• Another possible future work is the validation of suggested models with
more empirical data. Moreover, an effort can be done to compare the
accuracy of suggested models.

Part2, RQ2, studied the performance and production of PV systems regarding to their
position in a house.

• In Chapter 6 we suggested a modeling approach to predict the average
production of PV systems in different months. In this work, we neglected
the effect of indirect sunlight due to diffusion, in particular on days with
cloudy weather. This type of irradiation plays an important role in this
situation. For example, panels with an angle of 0° or close to it have an
advantage in such circumstances as they are open for receiving irradiation
of the whole sky, whereas panels with an angle of, for example, 35° are
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open for irradiation of only a part of the sky. In the current computational
model, such circumstances were not addressed. A suggestion is to refine
the model by handling such type of radiation separately.

• The goal of Chapter 6 was to find the best position for solar panels, to
maximize the yearly production. However, we know energy is more
valuable when the demand is high and generation is low. As a result, it
would be nice for future studies, to change the objective function, to find
the best location and orientation of panels to maximize the generation
during the times of the day or year in which it is more valuable.

• In Chapter 8 of this part, we studied the effect of the dynamics of envi-
ronment (e.g., growing trees) in a domestic area on the degradation rate
of PV systems. Actually, we could not find any other studies that report
about similar research, probably because in other studies the environment
is usually not considered as a variable. As future work, the same analysis
can be done on more PV systems and the performance of domestic PV
systems can be studies based on a richer dataset.

Part III, RQ3 was about using data analysis approaches to understand thermal character-
istics of a house.

• Future work in this domain can address the different data analysis tech-
niques for different types of data. On the other hand, it would be possible
to mix different data, gathered by different sensors to get more accurate
results (for example, using the data of electricity usage to know when
people are at home or awake, and what activities do they do in different
hours).

• It is possible to use “time” logs to find periods of time that human behaviour
does not have effect on the energy usage. For example, we know that during
night (e.g., between 3 and 5 am) in many houses people are asleep and do
not change the thermal situation of the house. These periods can be used to
study the other periods and compensate for the effect of human behaviour.
This data can also be used to make the models more accurate.

• In this part we focused just on data that can be collected by a simple
thermostat. However, by using data that can be collected by a modern
thermostat equipped by more sensors, or combining data from other sensor
tools, it would be possible to extract more information about different
aspects that influence the accuracy of our estimation.
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• Studies have shown that occupant behaviour might play a prominent role in
the variation in energy consumption in different households but the exact
extent of this influence is unknown. There is however, less work done that
incorporates the impact of user behaviour [10].

• A smart thermostat can learn about the energy consumption behaviour of
residents. Interesting potential future research is to study the new ways to
learn this information, and also to study techniques to use this information
in the optimization of the energy consumption and the comfort level of
residents.

• In the presented chapters in this part, it is assumed that the temperature of
the whole house is the same. This assumption makes that the proposed ap-
proach fits best to small houses. By having more thermometers in different
rooms of a big house, it would be possible to relax this limitation. However,
it would be necessary to change the model based on the thermodynamics
and heat exchange between different rooms.

• Regarding the building physics, the formulas presented in this part are very
simple which is because the lack of available data. To have a more accurate
model, it would be possible to use more complex modeling techniques.

• In the presented research it is assumed that the heating system is the only
important source of heating for the building. It means that the heat transfer
from the body of residents to the house is ignored. Also, the radiation
heating (from sunshine) is partially neglected. By having access to more
sensor data it would be possible to include these aspects in a more complex
model and improve the accuracy of the results.

Part IV, RQ4 addressed computational models supporting sustainable behaviour.

• In Chapter 11 it was shown that choosing an optimized timing and temper-
ature for a pre-overheating strategy is sensitive to different aspects. This
is a sign that it is important to make detailed predictions that take the
probabilities of user behaviour into account to determine the effectiveness
of different strategies and the effects of different changes. Apart from the
two aspects that are investigated in this paper (time of usage, maximum
temperature), other aspects might influence the efficiency of the strategies
as well (for example, the amount of water used, the temperature of the
water, ambient temperature, the type and size of the tank, length of peak
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hours period, etc.). In addition, economical aspects might have a signifi-
cant effect on the results. For example, a larger difference in the energy
price during peak and non-peak hours makes the pre-overheating strategy
more beneficial. Studying the effect of each of these aspects can be an
interesting and significant topic for further studies.

• As emphasized in Chapter 11, the effectiveness of any strategy for con-
trolling the temperature of a hot water container is dependent on our
knowledge about how the residents use hot water. As a result, a useful
direction of research will be attempts to learn the personalized patterns of
using hot water and use it to predict the usage of hot water in next hours.

• Chapter 12 investigated a computational model to simulate the cognitive
states of a person during behaviour change, focusing on the role of adver-
tisements. However, the probability of behaviour change toward a better
lifestyle is higher when different strategies are combined together [11].
Therefore, in future work, the role of other elements (like social networks)
can also be considered in the model.

13.4 Outlook

The main motivation of this thesis was finding computational ways to tackle problems related
to the reduction of fossil fuels usage in the residential sector. As discussed in different parts,
computational models can be used in different ways to optimize the energy consumption and
production in residential sectors. This includes, but is not limited to:

• Modeling the energy production in houses using solar panels

• Modeling the functionality and the efficiency of different energy consuming devices in
a house

• Predicting the different aspects of different parts of building (quality of air, temperature,
lighting,..)

• Modeling the energy usage behaviour of residents, related to:

– Time of presence

– Time of sleep

– Showering time

– Opening doors/windows



– Time of different activities (Watching TV,..)

– Preferred temperature for water/space

– . . .

• Modeling for forecasting the weather situation

• Forecasting the energy costs

• Modeling the energy storage (e.g. via electrical cars, hot water storages, heat capacity
of the house, ...)

These types of models can be used in different manners and can help us to optimize the
different parts of the energy system in a house. For example:

• Comparing different alternative solutions and choose the most suitable one before
buying/ installing

• Optimizing the performance of different energy consuming devices

• Increasing the awareness of residents about their consumption and making them
motivated to behave more environmental friendly

• Optimizing the functioning of energy storages in houses

• Optimizing the time of usage for the devices which their usage has some level of
flexibility

• Evaluating different strategies and setups

Some of these modeling approaches and solutions are studied in different sections of this
thesis; and some potential modeling approaches are suggested as potential future work.
Although each of these solutions can help to achieve more green houses, it should be noticed
that the strongest result would be achieved by combining these solutions together. It is a
challenge to use computers and algorithms to handle this effectively.

From a general overview, a unified system can integrate different models (model of
building, devices, behaviour of people, etc.) and different types of information (forecasts
about the weather, energy costs, energy generations) and make a generic model that can be
used to find and apply the best possible strategy to optimize both the energy usage and the
comfort level of residents. On the other hand, such a system can be used to generate reports
in different levels to residents/ energy providing companies/ policy makers to increase their
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awareness about the status of energy consumption/production. Moreover, it can be used to
evaluate different options and future possibilities for energy saving.
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