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Abstract

Europe’s rapid shift towards renewable energy and electrification has led to a global energy

crisis with accelerating power prices. This development has raised our curiosity about

whether smart heating can reduce consumer costs and prevent grid congestion.

This thesis explores the performance of smart heating compared to non-smart heating

practices in Norwegian homes. A case study of a demo house in Bergen is conducted

using a mixed integer linear programming approach aiming to minimise cost. The

interplay between technical building standards, climate, and electricity price fluctuations

is considered. Furthermore, the performance of heating practices is evaluated based on

total cost and electricity consumption. The study also considers two scenario analyses,

which investigate the impact of building standards and price volatility on the performance

of heating practices.

Findings from the base case show that there is room for improvement in the heating

behaviours in Norwegian homes. Smart heating reduces the total electricity cost and

avoids grid congestion by utilising hours of low demand and the building’s heat-storing

capacity. Although some of the non-smart heating behaviours have lower total electricity

consumption, they impose an extensive load on the electricity grid at certain hours.

Findings from the first scenario analysis show that a house’s construction standard is

crucial for smart heating’s ability to heat efficiently. The higher heat loss of a TEK 97

house makes the smart behaviour less effective, indicated by the increased cost per kWh

from NOK 1.84 to NOK 1.97. In addition, the second scenario analysis reveals that smart

heating is superior during high price volatility, yet maintains a sustainable grid load

distribution.

This study conclusively reveals that smart heating is superior to non-smart heating in

terms of cost efficiency and societal benefit. Findings show that implementing smart

heating in Norwegian homes can save costs for householders while reducing the risk of

grid congestion.

Keywords – House Heating, Power Prices, Cost Minimisation, Smart Heating
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1 Introduction

1.1 Scope of Research

The increasing energy consumption and large-scale transformation towards green energy

production in Europe have placed great emphasis on the effectiveness of electricity

consumption. This is because a reliable supply of electricity is crucial for modern society.

Furthermore, an energy crisis is emerging as renewable power production is unpredictable

and geopolitical uncertainty rages in the scenery, causing power prices to accelerate.

Consequently, the global energy crisis has postponed the goal of achieving universal and

affordable access to energy (IEA, 2022). This development has raised our curiosity about

whether energy consumption in Norwegian homes can be carried out in a way that is

beneficial for consumers’ private economy but also for society.

The global energy crisis has intensified the need for effective energy consumption. One way

to address the issue is by managing electricity demand through consumption adaptation,

which involves avoiding power consumption during peak hours and shifting consumption

to off-peak hours. Large consumption peaks can lead to power deficits, expensive grid

upgrades and reliance on expensive imports (Buvik et al., 2022). Therefore, an important

question is whether heating habits in Norwegian homes utilise their full potential in terms

of cost while simultaneously avoiding the socio-economic consequences of grid congestion.

To investigate the issue, this thesis seeks to analyse the performance and potential of

smart heating compared to established heating behaviours.

Lars Myhre, technical manager at Boligprodusentenes Forening, thinks the potential for

smart heating in modern buildings is large.

“In modern, well-insulated homes, the potential to push heating should be large. Earlier,

we talked about night-lowering of the temperature, now we are talking more about raising

the temperature at night when electricity is cheaper and living on the stored heat the

following day”

- Lars Myhre, technical manager in Boligprodusentenes Forening
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2 1.2 Structure of the Thesis

The largest share of electricity consumed in Norway is consumed by private households

(SSB, 2022c), whereas heating accounts for 67 percent of this consumption (NVE, 2022a).

Historically, people have heated their homes without much reflection on cost because of

the affordable electricity prices (Wolff et al., 2017). However, with the recent record-high

prices, it is of great interest to study if the price adaptation of a smart heating strategy can

resolve the information imbalance between the non-smart strategies and grid operators,

as the non-smart strategies are unable to process price information. By comparing the

performance of the smart heating strategy to typical non-smart heating strategies, we can

gain insights into whether smart heating can benefit consumers and society. To obtain

comparable results, we have utilised methods within business analytics to formulate an

optimisation model.

We intend to study the performance of an optimised smart heating strategy based on cost

minimisation and compare it to established non-smart strategies with respect to cost and

electricity consumption - can smart heating benefit consumers and society?

A case study has been constructed to account for the significant variations in climate, power

prices, and building standards within Norway. The case study consists of a retrospective

analysis using historical data from the past year to calculate and optimise the heating

strategies. The results for each strategy will be compared in terms of total cost and

electricity consumption. The model is formulated using mathematical programming and

essential concepts within building physics.

1.2 Structure of the Thesis

The outline of the thesis is divided into eight sections. Section 2 provides background

information on the Norwegian electricity grid, heating demand patterns, and building

regulations. Section 3 describes the problem and the different heating strategies we will

study. Section 4 explains the methodology used to explore the issue, and section 5 covers

the computation and implementation of the data in the optimisation model. In section 6,

we summarise and discuss our findings, and section 7 discusses the validity of the results.

Finally, our concluding remarks are presented in section 8.
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2 Background

This section is divided into three parts. The first part provides an overview of the

Norwegian electricity grid, including electricity production and infrastructure, market

structure, bidding zones, and regulations. The second part involves an overview of heating

demand and regulations in private Norwegian households, including demand patterns,

energy efficiency, regulations on technical requirements and building regulation history.

Lastly, the literature review summarises previous research in the field of smart heating in

homes.

2.1 The Norwegian Electricity Grid

2.1.1 Grid Infrastructure and Electricity Production

The Norwegian electricity grid is operated and managed by Statnett, which is responsible

for reliable and well-functioning power transmission (Statnett, 2022). Maintaining balance

in the power grid is crucial to avoid electricity surplus or deficit as it is difficult to

store electricity over time (Ministry of Petroleum and Energy, 2021b). The balance is

maintained by an electricity grid connecting consumers and producers through high-voltage

power lines. Accordingly, this network is a necessary infrastructure and must handle large

fluctuations in production and consumption (Ministry of Petroleum and Energy, 2019b).

The Norwegian electricity grid is divided into five price zones, or bidding zones, because

the weather heavily influences the balance of supply and demand between different parts

of the country. The variation in climate causes variable power production, and the current

grid capacity cannot align differences in supply and demand between the bidding zones,

causing a difference in spot price (Statnett, 2022).

Norway stands out from other European countries as the resource base for energy

production depends on the annual precipitation and hydropower production capacity.

Other countries are secured through fossil fuels bought in the energy market and used in

thermal power plants (Ministry of Petroleum and Energy, 2021a). Hydropower accounts

for 85.7 percent of all power production in Norway, while the remaining 14.3 percent

is generated from thermal, solar, and wind power (SSB, 2022b). Storing water in large
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4 2.1 The Norwegian Electricity Grid

reservoirs facilitates flexible and stable hydropower production, making this resource the

most reliable renewable power source.

2.1.2 The Power Market

Norway is part of a large power market in Europe, Nord Pool, which safeguards the supply

capacity and provides an efficient and secure day-ahead and intraday market (Nord Pool,

2022a). In other commodity markets, prices are determined by the microeconomic concept

of supply and demand. However, as the flow of electricity requires instant balance, the

microeconomic concepts will only hold partially.

To ensure a balance between production and consumption, Nord Pool facilitates power

traders to participate in a bidding process where bids, offers, and the capacity of each

bidding area determine the price per hour on the following day (Nord Pool, 2022a). The

prices are divided into area-specific prices and a system price applicable to the Nordic

region. The area-specific prices are affected by the transmission capacity between the

areas, whereas congestion in transmission will lead to differences in price. On the other

hand, the Nordic system price is an unconstrained reference price determined after all

area prices are established (Nord Pool, 2022b).

Despite not having fossil fuels in the power production mix, Norwegian power prices are

influenced by European gas and coal prices. This is because the market is connected

through international oversea power lines, and Europe depends on expensive gas-fired

power generation to balance out variability in weather-dependent renewables (Volue,

2022). In other words, European electricity prices will reflect the oil and gas prices when

renewables are insufficient to satisfy power demand.

2.1.3 Future Power Market

The future power market in Europe is characterized by electrified consumption and fossil

energy sources being replaced by renewables (Buvik et al., 2022). Accordingly, Buvik et al.

(2022) states that power prices are expected to become more volatile in the short term.

In addition, climate policies and technology will be decisive for the future power market

in the longer term (Birkelund et al., 2021).
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We are moving towards an increasingly weather-dependent power system with a tighter

power balance in northern Europe (Buvik et al., 2022). The significant growth in power

consumption in Norway is expected to be driven by electrification, particularly in power-

intensive industries and transport. As a result, power demand is expected to increase

more than the available production. Thus, a power deficit and grid congestion can occur

when it is cold with little wind and a generally high-power demand over several days. Grid

congestion refers to a situation in which the capacity of the electrical grid is exceeded by

the demand for electricity. From being an energy-dimensioned system with a significant

excess of power, Norway’s power system is gradually moving towards becoming an effect-

dimensioned system like the rest of Europe. Better use of the electricity grid and flexibility

in existing and new consumption can be decisive in ensuring the national power balance

(Buvik et al., 2022).

Historically, power prices in Norway have changed following variations in the water influx

to hydropower plants (Birkelund et al., 2021). However, the prospect of power prices

suggests increased volatility due to the expectation that renewable, weather-dependent

sources will replace nuclear and coal power plants. Especially the share of power generation

from solar and wind is expected to rise significantly because of the high cost of fossil

power production (IEA, 2021). The repercussion of such change in the production mix

is high power prices when renewable energy is insufficient and low during appropriate

weather conditions (Birkelund et al., 2021).

Technological development is crucial to adopt cheaper and more efficient ways of producing

renewable energy and improving batteries for energy storage (Birkelund et al., 2021).

Furthermore, such development is essential to reach the EU’s net zero 2050 goal, which

calls for a massive expansion of power production to meet the needs of the growing global

economy. Such an expansion includes the electrification of fossil-fuel consumption and

hydrogen production from electrolysis (IEA, 2021). This will require better utilisation or

further development of the power grid within and between European countries (Birkelund

et al., 2021).
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2.1.4 Regulations

2.1.4.1 Monopolistic Grid Operation

In Norway, the electricity grid is operated in a monopolistic nature as it is not socio-

economic effective to build competing power networks. Consequently, the sector is subject

to wide-ranging regulations to prevent power firms from capitalizing on their monopoly

position (Ministry of Petroleum and Energy, 2019a). For example, if a firm intend to build,

own, or operate a power production site, it must be granted a license by the authorities.

Such a license imposes a responsibility to ensure sufficient capacity, development, and

maintenance. In addition, the grid operators have revenue limits to incentivise an effective

operation. Each consumer is bound to their local grid operator and must pay the monthly

network tariff for connecting to the network (Ministry of Petroleum and Energy, 2019a).

2.1.4.2 Network Tariff

The cost associated with having electricity transferred to a house and the operation and

improvements of the electricity network is financed by a network tariff. The tariff design

is determined by the authorities and reflects the cost of efficient operation, development,

and maintenance of the grid. However, the local network company decides the exact

charges according to the cost associated with operating the local grid (NVE, 2022c).

The current design of the network tariff was introduced 1st of July 2022 and consists

of a fixed and a variable component. The fixed component, called the capacity link, is

determined by the maximum power consumed simultaneously (BKK, 2022). Therefore,

the more a consumer uses simultaneously, the more must be paid in tariff charges. As of

2022, the monthly fixed tariff rates for private household ranges from NOK NOK 125 to

NOK 781 based on their maximum kWh consumption. Essentially, the fixed component

motivates consumers to spread their consumption throughout the hours of the day.

The variable component of the network tariff is called the energy link and is a time-

differentiated cost added to the price per kWh (BKK, 2022). The variable tariff rates

are higher during the day than during the night and weekends, rewarding people who

use electricity during off-peak hours. Overall, the current tariff model aims to incentivize

consumers to utilize the capacity of the electricity grid throughout the day.
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2.2 Heating Demand and Building Regulation

In the following section, we will look at the Norwegian heating demand patterns, energy

efficiency and technical building regulations.

2.2.1 Demand patterns

Norway is one of the top consumers of electricity in the world per capita (Statista, 2022).

The largest share of electricity is consumed by private households, followed by power-

intensive manufacturing and construction (SSB, 2022c). Historically, electrical heating

has been the most affordable as it is associated with low cost and low maintenance. The

low electricity cost has formed a habit of ample use of space heaters. Causing electric

heating to serve as much as 80 percent of the demand for heating in private households.

The remainder is mainly covered by biofuel, which includes wood firing (NVE, 2022d).

Natural fluctuations in demand for heating throughout the year can impose a significant

impact on grid load. In Norway, the maximum grid load usually occurs in connection with

colder periods as a large share of the heating is based on electricity (Europower, 2020).

The colder periods typically happen during the heating season, which is a general term

for the period of the year when the need for heating is prominent, and the risk of grid

congestion is significant. In Norway, this season stretches from October to April, which is

considerably longer than in most European countries (ECMWF, 2022).

Consumption of electricity for heating also varies throughout the day as a result of weather

conditions and occupancy patterns. Demand typically decreases during midday when sun

irradiance and outdoor temperature are at their highest. Contrarily, demand increases in

the afternoon when residents are home and sun irradiance and outdoor temperature are

low (Sæle,hanne, 2021). Changes in desired indoor temperature throughout the day also

affect the daily demand patterns. A survey of Norwegian households’ electricity habits by

SINTEF and CICERO Sæle et al. (2022) shows that 4 out of 10 Norwegian homes have

automatic power control. The most common forms of governance are control systems

for day/night lowering of room temperature (20.9%), technology for control of certain

appliances (13.6%) and smart houses (6.2%).
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2.2.2 Energy Efficiency

Energy efficiency is about utilizing the available energy in the best possible way, thereby

helping reduce the need for power (NVE, 2022b). Moreover, reducing power peaks through

energy efficiency is a measure of improving the power balance (Buvik et al., 2022). New

technologies, such as applications and smart devices, can contribute to energy efficiency

when planning energy use according to fluctuations in power consumption and prices

(Johannessen, 2019). There is often a significant cost associated with installing new

energy-efficient solutions. However, it can be a long-term investment contributing to a

reduction in electricity costs and use. NVE estimates that the potential for increased

energy efficiency in buildings corresponds to a 10 percent reduction in Norway’s electricity

consumption. The most cost-effective measures recommended by NVE are lowering

the temperature at night, re-insulating cold ceilings, and measures on ventilation and

energy-efficient lighting equipment (NVE, 2022b).

The Norwegian government is increasing the attention towards energy efficiency for private

households (Regjeringen, 2022). The aim is to facilitate for more people to reduce their

energy use and costs. Espen Barth Eide, the Minister of climate and environment, stated,

“we must use the energy we have as efficiently as possible. Therefore, energy efficiency is

an important priority in work to achieve our climate goals” (Regjeringen, 2022). One of

the measures implemented is economic support through Enova for several energy efficiency

measures in private households, such as smart power management, upgrading the building

envelope and installing solar panels (Enova, 2022b). A smart power control system

uses price information to push electricity use to times of the day with lower electricity

prices without compromising comfort (Enova, 2022a). Such systems are often utilised

in conjunction with, for example, the hot water tank, charging of vehicles and other

flexible consumption sources. Upgrading the building envelope refers to stricter and newer

building regulations to reduce heat loss, which reduces the need for power.

2.2.3 Regulations on Technical Requirements for Construction

The Norwegian regulations on technical requirements for construction specify minimum

requirements, energy efficiency measures and overall energy requirements for new and

older buildings in Norway (Geving, 2021). In addition, the national building regulation
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ensures that projects are planned, designed, and executed concerning good visual quality,

universal design, and technical standards for safety, environment, health, and energy

(DiBK, 2017). TEK 17 is the most recent regulation published in 2017, and updates are

made frequently. Older regulations are TEK 87, TEK 97, TEK 07 and TEK 10. The date

when a building application is submitted determines which regulation must be followed,

and, thus, what technical requirements apply to the building. In addition, the law has

guidance attached and refers directly to standards or measures specifying more detailed

requirements for material and execution.

The building regulations are the most crucial obligation for energy efficiency in buildings

and set requirements for the total energy demand of the entire building (Geving, 2021). All

buildings must either satisfy the complete net energy requirements in kWh per m2 heated

utility floor space or follow a set of energy-saving measures. Nevertheless, the building

regulations provide minimum requirements for leakage figures and thermal insulation of

the various building parts that must be met to ensure a minimum quality of the building

construction. The required insulation is specified by U-values, or thermal transmittances,

which describes how well a structural component of the building transmits heat (Thue,

2019).

2.2.4 Building Regulation History

Since the 1970s, Norway’s focus on the environment and environmental protection has

increased (Bugge, 2011). This section will consider the development concerning energy

efficiency requirements from TEK 87 to TEK 17.

TEK 87 did not focus largely on energy efficiency but stated that a house should be built

to promote a good energy economy. Accordingly, average U-value requirements for the

different building envelope parts were introduced (DiBK, 1987). In TEK 97, the focus on

energy efficiency shifted, appearing more precise and stricter by implementing maximum

U-values in addition to the average U-values from TEK 87. Also, energy-saving measures

as an alternative for calculating the energy efficiency of a house were introduced (DiBK,

1997).

The TEK 07 regulation wanted to reduce the energy demand for new and refurbished

houses by 25 percent (Sintef, 2007). Consequently, this resulted in stricter requirements
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for U-values, air quality, ventilation systems and temperature regulation. Another factor

that affected TEK 07 was the introduction of the EU directive about energy efficiency in

buildings which implied that the Norwegian building requirement followed an international

development (IEA, 2019). The next regulation, TEK 10, was mainly a re-organisation of

the building requirements from 2007, accompanied by stricter standards for energy-saving

measures (DiBK, 2016). The newest regulation, TEK 17, makes requirements more

precise and relaxed (DiBK, 2017). The relaxation of specific requirements provides more

significant opportunities for individual adaptations. Overall, the building requirements

are moving towards passive house standards, significantly reducing the use of heating as

part of the total energy use.

2.3 Literature Review

This section will provide an overview of the current state of knowledge on smart heating

to identify gaps in the available research. We have conducted a comprehensive and critical

evaluation of existing research while gaining great inspiration for our thesis. Automated

smart home technology has recently increased, with many homeowners adopting these

systems to improve their home’s energy efficiency and comfort. However, there is limited

research on the performance of smart heating compared to established heating patterns.

One of the key themes emerging from the research is the potential for smart heating

to improve energy efficiency. Many studies have found that these systems can help

homeowners to manage their energy consumption better and reduce overall energy use.

For example, a study by Bozchalui et. al Bozchalui et al. (2012) found that a house

located in Ontario, Canada saved up to 20 percent on energy costs and a 50 percent

reduction in peak demand by using automated decision-making technologies in smart

grids at residential energy hubs. The researchers presented a mathematical mixed integer

linear programming problem aiming to minimise energy consumption, the total cost of

electricity and gas, emissions, peak load on the grid, or any combination of these objectives

while considering end-user preferences. The study also conducted several case studies to

evaluate the model’s performance. This study provides evidence of smart heating’s ability

to decrease cost and peak demand. Still, the study is based on houses with private energy

sources, such as solar panels. It is possible that a smart heating system may not have the
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same effect on energy efficiency in homes without access to private electricity production.

Another study by de Oliveira et al. (2013) proposes a method for optimising a house

heating system in a scenario with fluctuating energy prices. The study suggests a dynamic

optimisation model based on energy and mass balances, whereas the objective is to

minimise energy costs over an infinite horizon. Findings from the study revealed that in a

scenario with fluctuating energy prices, the economic benefit of using real-time dynamic

optimisation schemes is considerable. The method uses a moving horizon approach aiming

to capture important trends adding predictions of temperature and power prices as noise

variables. Consequently, the model is optimised based on an algorithm created with

estimates of unknown variables of future power prices and outdoor temperature. However,

the study was conducted in 2013, and the recent enlarged power price fluctuations might

make future power prices more challenging to model.

Ali et al. (2014) propose a linear programming approach to optimise the demand response

of electrical heating with partial storage technology. The researchers aim to minimise

consumers’ total energy costs without compromising comfort by combining demand

response control of direct electrical heating and partial thermal storage. The model

optimises according to dynamic electricity prices by shifting power consumption from peak

periods to low-peak hours. The optimisation model depends on predictable electricity

prices, such as the day-ahead prices in the Nordic power markets. The researchers verified

their model with simulations and found that the linear programming model reduced the

simulated house’s total energy cost. Moreover, the study also found that utilising the

thermal inertia of a house’s mass is advantageous even with relatively small heat storage

abilities.

One key issue for the smart heating models introduced by Bozchalui et al. (2012),

de Oliveira et al. (2013) and Ali et al. (2014) is the lack of standardisation, which

makes it difficult to compare the energy performance of different homes. In addition,

many homeowners do not fully utilise the energy-saving capabilities of their automated

smart heating systems, often due to a lack of understanding or awareness.

Another interesting aspect of smart heating is the combination of smart home systems, big

data and machine learning. Machorro-Cano et al. (2020) presents a big data and machine

learning-based home automation system to achieve home comfort and energy efficiency
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(HEMS-IoT). The researchers use a machine learning algorithm to learn about occupants’

home and away and energy consumption patterns and classify houses in relation to energy

consumption. A case study, where a smart home was supervised to ensure comfort and

reduced energy consumption, was constructed to validate the methods. The study tackles

the standardisation issues by aiming to provide personal energy-saving recommendations.

However, exact numbers on savings compared to other established heating methods are not

provided. In addition, there are concerns about the security and privacy of these systems,

as they rely on data transmission and storage, which can be vulnerable to cyberattacks.

This section’s reviewed literature and methods have inspired us to write this thesis.

However, we recognise that few studies combine crucial components in building energy

modelling, standardised consumer behaviour, power grid regulations and power prices

to find how an optimised smart heating strategy performs compared to typical heating

practices. With this thesis, we will attempt to fill in the gaps in this area of research

by optimising a smart heating strategy and minimising total energy costs, aiming to

understand whether such technology can benefit consumers and add socio-economic

value. Consequently, a mathematical optimisation model is formulated to compare the

performance of a flexible heating strategy with typical heating strategies in terms of cost,

kWh consumption and the effect on grid load.
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3 Problem Description

3.1 About the Problem

As energy prices in Europe continue to rise due to the shift towards renewable energy

sources, there is a growing need for efficient electricity use in Norwegian homes. The

problem to be studied in this thesis is whether smart heating can benefit consumers and

society by managing the increasing and unpredictable cost of home heating (Botnen,

2022).

Home heating can be complex and depends on factors such as building standards, local

climate, heating sources, and occupant preferences. To facilitate a sufficient and valid

scientific framework to address this issue, we have created a case study of a price-conscious

consumer in Bergen, Norway, using a demo house to account for critical and local variations

in input data. The case study will compare the performance of smart heating to established

heating practices, using historic hourly electricity prices and local climate data to analyse

each heating strategy. The optimisation model is designed to be as realistic as possible,

incorporating Norwegian building standards and other relevant input values. However,

certain assumptions are made to keep the model simple and suitable for future scenarios.

3.2 Heating in Small Family Houses in Norway

In a cold Nordic climate, maintaining a comfortable indoor temperature is essential. About

48 percent of all houses in Norway are single-family homes, requiring a sizeable amount of

power to keep the preferred indoor temperature (SSB, 2022a). This case study is limited

to only focus on electrical heating as electricity accounts for 80 percent of the energy used

for heating in Norwegian private households (NVE, 2022d). Electric heaters, heating floor

cables, radiant heating, and heat pumps are all systems of electric heating (Rosvold and

Aksdal, 2018). Even though the ratio between added and delivered heat varies somewhat

between the systems, this case study looks at the total added kWh with a one-to-one

ratio.

Heating in private households is individual and shaped by the occupants’ personal

preferences and daily routines. Numbers provided by Standard Norge (2020) and the
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variation in electricity prices retrieved from Nord Pool indicate that people are typically

home and awake between 7 a.m. and 9 a.m. and between 4 p.m. and 11 p.m. The

optimisation model is formulated to reflect the objectives of the case study and considers

this behaviour. The patterns remain whether it is a weekday or weekend, meaning that

the case study does not account for any abnormal behaviour during weekends. This

is substantiated by a study of heating patterns in English homes, which found that

weekend days and weekdays are far more similar in their heating pattern and duration

than commonly assumed (Huebner et al., 2013). The described perception of typical

Norwegian household behaviour sets the base of the model’s schedule for occupancy.

A monthly network tariff fee must be paid to cover the cost of delivering electricity to

the demo house. However, the fixed component of the tariff model is excluded from the

case study because it corresponds to the maximum total average kWh consumed by a

household, and the case study concerns only power consumed for heating. However, the

variable component is included and will vary with the time of the day, charging more

when electricity is used during the day and less during the night.

A house is delimited by being unable to store heat for extended periods, and requirements in

the technical regulations, TEK 17, determine the demo house’s energy efficiency. Regardless

of the demo house’s technical standard, there will be continuous heat loss through the

building envelope. If heat is not provided, the indoor temperature will align with the

outdoor temperature, violating the indoor temperature requirement. Consequently, the

dimension of the house’s electrical heating system is an important parameter determined

by the dimensional power requirement explicitly calculated for the demo house.

Natural heat is supplied to the demo house by sun irradiance, people, and lighting, while

any remaining heat deficiency is covered by electrical heating. According to NS 3031,

heated water and equipment should not be included when calculating internal heat gain in

private houses and are therefore excluded from the case study. This is because the impact

of heated water and equipment on indoor temperature is assumed to be small and difficult

to measure, providing unnecessary complexity to the problem (Myhre et al., 2012).

The cold climate in Norway leads to low demand for cooling. This is reflected in the

Norwegian technical building requirements, which do not require specific measurements

for electrical cooling in private houses. Consequently, the case study is not formulated to
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provide any cooling to the demo house. However, there are physical measures like sun

shading in place to reduce heat gain from solar irradiances when solar radiation is above

a certain level.

3.3 Strategies

How occupants manage house heating is diverse. Accordingly, the four different heating

strategies to be analysed and compared in the case study will be presented in this section:

1. Strategy constant

2. Strategy night

3. Strategy night/day

4. Strategy flex

The first three strategies represent conventional, non-smart heating practices commonly

found in Norwegian households. The fourth strategy, the "flex" strategy, represents smart

heating. We aim to compare the strategies in terms of total cost and kWh consumption,

first in a base case and then in the scenario analysis. The fixed occupancy schedule

described in section 3.2 will be used for all strategies. The strategies are ranged after the

degree of complexity to reflect potential investment cost or need for involvement from

occupants.

3.3.1 Strategy Constant

The constant strategy sets the thermostat to a target temperature and leaves it there,

even if there are no people home for extended periods. This implies that the heater keeps

the same desired indoor temperature throughout the day. Accordingly, the amount of

kWh used every hour is determined by the difference between the heat loss and the heat

gain required to maintain a steady temperature. This strategy requires approximately no

involvement from the residents of the demo house and is regarded as a strategy with low

complexity.

Degree of complexity: Low
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3.3.2 Strategy Night

The night strategy tolerates a lower temperature when people are sleeping. This implies

keeping a desired temperature during daytime and allowing the temperature to drop

during the night from 10 p.m. until 6 a.m., which is the same time slot as the variable

network tariff. The temperature requirement for day temperature is set one hour before

residents wake up as it takes some time to raise the temperature in the house. The

night strategy suggests a moderate degree of complexity because the occupants either

need to invest in heating solutions with the ability of time control or manually lower the

temperature at night.

Degree of complexity: Moderate

3.3.3 Strategy Night/day

The night/day strategy involves lowering the temperature during the night, from 10 p.m.

until 6 a.m., and during the day while occupants are away, from 9 a.m. until 3 p.m. The

temperature is set to the desired level one hour before occupants wake up or return home,

as it takes some time to raise the temperature in the house. Like strategy night, strategy

night/day suggests moderate complexity.

Degree of complexity: Moderate

3.3.4 Strategy Flex

Strategy flex performs smart house heating by pushing heating to periods when the

electricity price is low, without compromising the indoor temperature requirement when

occupants are home and awake. This is the only strategy that executes smart behaviour.

A high degree of complexity is suggested for this strategy as it requires investing in a smart

heating system that controls the heat by considering future electricity prices. Tibber is

an example of a Norwegian provider that offers smart heating panels and thermostats

(Tibber, 2022).

Degree of complexity: High
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4 Methodology

This part of the thesis will present the methodology used to study the problem described

in section 3. A mathematical optimisation model enables us to include building physics-

related constraints and other specific strategy requirements. This approach allows us to

find the optimal heating schedule by minimising the cost of the flex strategy. However,

for the non-smart heating strategies, the strict requirements for heating result in only

one feasible solution, which makes the models independent of the electricity price. This

implies that these methods behave more like calculation problems rather than optimisation

problems. Despite this, the same methodology and data program are used for practical

reasons and to ensure an equal basis for comparison.

First, relevant methodology from building physics is detailed. Furthermore, mathematical

programming with a focus on linear programming is introduced. Finally, the case study

problem is formulated as a mathematical optimisation model.

4.1 Building Physics

In the following section, relevant building physics and associated equations are presented.

This covers the concept of heat balance, which includes heat loss and heat gain, calculating

dimensional power requirements, and heat capacity.

The heat balance states that heat supply should equal heat loss to maintain the desired

balance temperature (Enova et al., 2011). Thus, with knowledge of a building’s total heat

loss, subtracting all additional heat from the sun, lighting and equipment, the energy

demand for the house’s heating system can be calculated (Geving, 2021). In warmer

climates or during the summer season, electric power can cool down the building to keep

the heat balance under control.

Table 4.1 summarises the factors in the heat balance and how they are affected. The

calculation for the different heat losses and supplies will be elaborated in the coming

subsections.

17

4 Methodology
This part of the thesis will present the methodology used to study the problem described

in section 3. A mathematical optimisation model enables us to include building physics-

related constraints and other specific strategy requirements. This approach allows us to

find the optimal heating schedule by minimising the cost of the flex strategy. However,

for the non-smart heating strategies, the strict requirements for heating result in only

one feasible solution, which makes the models independent of the electricity price. This

implies that these methods behave more like calculation problems rather than optimisation

problems. Despite this, the same methodology and data program are used for practical

reasons and to ensure an equal basis for comparison.

First, relevant methodology from building physics is detailed. Furthermore, mathematical

programming with a focus on linear programming is introduced. Finally, the case study

problem is formulated as a mathematical optimisation model.

4.1 Building Physics

In the following section, relevant building physics and associated equations are presented.

This covers the concept of heat balance, which includes heat loss and heat gain, calculating

dimensional power requirements, and heat capacity.

The heat balance states that heat supply should equal heat loss to maintain the desired

balance temperature (Enova et al., 2011). Thus, with knowledge of a building's total heat

loss, subtracting all additional heat from the sun, lighting and equipment, the energy

demand for the house's heating system can be calculated (Geving, 2021). In warmer

climates or during the summer season, electric power can cool down the building to keep

the heat balance under control.

Table 4.1 summarises the factors in the heat balance and how they are affected. The

calculation for the different heat losses and supplies will be elaborated in the coming

subsections.



18 4.1 Building Physics

Factors in the heat balance: Is particularly affected by:

Heat loss:

Transmission U-value, building shape

Infiltration Airtightness

Ventilation Ventilation requirement/system, heat recovery

Heat supply

Lightning Amount and effect

Persons Number of persons and their activity level

Equipment Amount and effect

Sun irradiance Orientation, shading

4.1.1 Heat Loss

The heat loss from a building occurs in the air exchange through walls, roofs, windows,

slabs, and thermal bridges (El Saied et al., 2021). The overall heat loss consists of three

components: transmission heat loss, ventilation heat loss and infiltration heat loss. The

total heat loss can be calculated by these formulas:

H = H trans +Hvent +H inf (4.1)

Heat loss = H ∗ △T ∗ t (4.2)

Geving (2021)

The heat transfer coefficient H [W/m2K] is the sum of heat loss due to transmission,

infiltration, and ventilation loss for every degree Kelvin difference between indoor and

outdoor temperature. To find the total heat loss for a house for a given period, the heat

transfer coefficient is multiplied by the temperature difference △T and time t (Geving,

2021).

4.1.1.1 Transmission Heat Loss

Transmission heat loss describes the heat loss through structural parts of the building,

such as walls, windows, doors, roofs, ground, and thermal bridges (Geving, 2021). Hence,

better house insulation will contribute to lower heat loss. The heat transfer coefficient for
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transmission describes the heat loss through all surfaces for every degree Kelvin and can

be calculated by the following formula:

H trans =
∑
n∈N

Un ∗ An + ψ (4.3)

Geving (2021)

where Un [W/m2K] represents the thermal transmittance, also called “U-value”, and

describes the amount of energy lost through a square meter of that material for every

degree Kelvin difference in temperature between inside and outside. The area An [m2]

relates to the internal surface of the external structures it applies. ψ represents the

normalised cold bridge value [W/K].

A cold bridge, also named a thermal bridge, is a part of a heat-insulated building with

significantly poorer insulation than the rest of the building, thus contributing to increased

heat loss (Thue, 2019). The thermal bridge loss used to be included in the U-values,

but regulations after TEK 07 specify normalised cold bridge values per square meters of

heated area (Enova et al., 2011).

Temperature difference against earth for walls and floor to the ground should be modified

as the ground temperature is more stable than the air temperature (Geving, 2021).

Consequently, transmission heat loss to the ground, Hground, can be separated from H trans

to account for the correct temperature difference when calculating total heat loss. The

remaining transmission heat loss to air and cold bridges can be denoted as Hout.

H trans = Hground +Hout (4.4)

Geving (2021)

4.1.1.2 Ventilation Heat Loss

Ventilation heat loss describes the controlled heat loss that occurs in renewing the indoor

air through a ventilation system (Enova, et al., 2011). The loss depends on the air change

in the building and the efficiency of heat recovery and can be calculated by this formula:

Hvent = (1− β/100) ∗ C ∗Q (4.5)
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Geving (2021)

where β describes the heat recovery efficiency [%], C is the heat capacity of air [W/m3K],

and Q is the air volume flow per hour [m3/h]. The heat capacity of air (C) is constant

for relevant temperatures and set to 0.33 kWh/m3K.

4.1.1.3 Infiltration Heat Loss

Infiltration heat loss refers to a building’s heat loss due to air exchange other than air

through the ventilation system (Geving, 2021). Heat loss occurs due to uncontrolled air

leakages through joints and cracks around windows and doors. The infiltration heat loss

can be calculated by this formula:

H inf = C ∗R ∗ V (4.6)

where C is the heat capacity of air [kWh/m3K], R is the number of air shifts per hour,

and V is the volume of the house [m3].

R = e ∗ n50(h
−1) (4.7)

Geving (2021)

The number of air shifts through infiltration, R, depends on the building’s airtightness

and external wind effects (Geving, 2021). The airtightness can be expressed in terms of

the leakage airflow through the building’s envelope per hour at a pressure of 50 Pascals

[n50(h
−1)]. We add a terrain shielding coefficient e as the real pressure difference due to

wind is much lower than 50 Pascal. In documenting energy efficiency concerning TEK 17,

it is assumed "moderate" shielding and the associated shielding coefficient is set to 0.07

(Geving, 2021).

4.1.2 Heat Supply

To accurately calculate the electricity required for heating, it is essential to consider the

heat supplied naturally by sun irradiance and internal heating sources. The overall heat

supply consists of sun irradiance and heat from internal sources such as lights and people.
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4.1.2.1 Solar Gain

Direct and diffuse solar irradiance through windows may provide houses with considerable

heat. The amount of heat supplied by the sun depends on the strength of the direct

and diffuse radiation at any instant and the orientation and angle of the window surface

(Barakat, 2008). Global horizontal irradiance (GHI) is the sum of the direct and diffuse

radiation and is usually measured on a horizontal plane (Smidsrød et al., 2008). For a

vertically positioned window, the global tilted irradiance (GTI) with a 90-degree slope

is used to evaluate the accurate irradiance (Gueymard et al., 2008). Diffuse radiation is

partly firmament radiation and partly reflection from the surroundings (Smidsrød et al.,

2008). Accordingly, snow, sea, clouds, or other reflective surfaces increase the amount of

diffuse radiation. The solar gain can be calculated by equation (4.8)

Solar gain =
∑
s∈S

Is ∗ Aw
s ∗ gtots (4.8)

Larsen (1982)

where Is is the global tilted irradiance [W/m2], which includes cloud coverage and air

pollution. Aw
s is the area of the windows [m2] and gtots is the total solar transmittance

factor, abbreviated as “g-value”. These values are computed and summarised for all sky

directions s.

gtots = gglasss ∗ gshadings (4.9)

Tekna (2021)

An important aspect when calculating solar gains is the absorptivity (gglass) and sun-

shading of the glass (gshading), denoted by the g-value, gtot (Smidsrød et al., 2008). The

absorptivity depends on the number of glass panes, the angle of the solar radiation and

the degree of polarization of the incident sunbeam (Barakat, 2008). Solar protection helps

reduce the proportion of solar radiation that hits the outside pane and passes to the

inside. Outdoor sun shading gives a lower g-value and is preferred to minimise heat gain

from the sun effectively. TEK 10 requires the total solar transmittance factor to be less

than 0.15 for solar-exposed facades (DiBK, 2016). Conversely, TEK 17 has no minimum

requirement but demands measures to prevent overheating, such as external sun shading

(DiBK, 2017).
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4.1.2.2 Internal Heat Load

Internal heat gain, or internal load, are heat generated from people, lights, and equipment

in a house. Heat supply generated from people varies with activity level, age, and gender.

Similarly, lightning and equipment provide heat when they are in use. Standard values

for internal heat load are measured in W/m2.

4.1.3 Dimensional Power Requirement for Heating

A house’s heating system must provide appropriate heat to maintain the desired indoor

temperature regardless of outdoor temperature. This is known as the dimensional power

requirement, and it can be calculated using methods from NS-EN 12831 (Standard Norge,

2017). This method uses a winter outdoor design temperature (DUT) to determine the

heating system’s minimum effect to maintain a comfortable indoor temperature on freezing

days. A winter design temperature is the lowest average temperature over three days

for a specific area in the last 30-year period. This parameter is included to ensure that

the heating system can adequately heat the house on the coldest days (Stene and Øiene

Smedegård, 2013).

The dimensional power requirement is calculated by equation 4.10.

Eldesign = H ∗ (T in −DUT ) (4.10)

Enova et al. (2011)

where H is the heat transfer coefficient, T in is the desired indoor temperature, and DUT

is the outdoor design temperature for the specific location.

This calculation excludes any sources of natural heat, as the heating system should be

able to maintain the desired indoor temperature independently. Some studies recommend

adding a safety margin to the calculated power dimension. However, as the winter design

temperature is an infrequent observation, this is unnecessary (Hansen, 2016).

For heating behaviours with temperature lowering, the power system must be dimensioned

to increase the temperature even on extremely cold days. Thus, the dimensional power

requirement should calculate with additional effect, depending on the resident’s patience

with the temperature rise.
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4.1.4 Heat Capacity

When the indoor temperature changes, the heat capacity of the building materials and

their impact on the thermal conditions must be considered (Skari, 2016). Heat capacity

tells how much energy must be provided to an object to cause a one-unit change in its

temperature (Halliday et al., 2021). An essential factor for heat capacity is thermal

mass that mass enables different parts of the house to store heat and create internal

heat flows that help balances the heat demand (Skari, 2016). Heavier objects have more

significant heat-storing properties than lighter objects (Myhre et al., 2012). In periods

with heat deficiency, the stored heat will be discharged from the objects and provide heat

to the surrounding environment until equilibrium reaches. Consequently, low outdoor

temperatures in short periods will not cause a significant shift in power demand because

stored heat will provide heat while the room temperature decreases.

Normalised heat capacity expresses the energy [Wh] stored in the construction per square

meter of floor area [m2] per degree Kelvin of temperature change (Myhre et al., 2012).

The heat capacity of air is low and will cause significant fluctuations in room temperature.

However, adding the heat capacity of furniture, walls, floors, and roof when calculating

heat efficiency will provide inertia against substantial changes in temperature and make

calculations more realistic.

4.2 Mathematical Programming

Mathematical programming, also known as mathematical optimisation, is one of the

best-developed models in operational research and management science (Williams,

2013). Bradley Bradley (1977) defines mathematical programming as a mathematical

representation aimed at programming or planning the best possible allocation of scarce

resources. There must be something variable in the problem that can be controlled or

affected by the decision-maker to use optimisation as a tool (Lundgren et al., 2010).

Non-linear, integer and linear programming are examples of mathematical programming

forms, where the latter is the most widely applied one.

Lundgren Lundgren et al. (2010) defines optimisation as the science of making the best

possible decision for a specified target with restrictions on the type of decision that can
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be made. The objective function expresses the objective to be minimised or maximised

and depends on the decision variable(s). Furthermore, a set of constraints describes the

restriction on the values of the decision variables. Optimisation generates large models and

large groups of input data where computer support is required to find the best possible

solution.

A particular working approach is preferred when optimisation models analyse a given

problem scenario and solve a decision problem for a given application (Lundgren et al.,

2010).

1. The optimisation problem is identified and simplified as some aspects of an issue

are often too complicated to be included in the optimisation model.

2. The problem is formulated mathematically as an optimisation model with decision

variables, objective function, and constraints.

3. The model is solved using an appropriate solution algorithm. Examples of commercial

solvers are CPLEX and OSL.

4. Finally, the results are evaluated.

4.2.1 Linear Programming

Linear Programming (LP) is concerned with maximising or minimising a linear expression

subject to linear constraints (Vajda, 2009). George B. Dantzig developed the simplex

method for solving the general linear-programming problem (Bradley, 1977). This method’s

computational efficiency and robustness and the availability of digital computers have

made linear programming widely applied in the business environment. Following is an LP

problem written in general form (Lundgren et al., 2010):

minimise Z =
n∑

j=1

cjxj (4.11)

subject to
n∑

j=1

aijxj ≤ bi, i = 1, . . . ,m (4.12)

xj ≥ 0, j = 1, . . . , n (4.13)
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The objective function aims to be minimised and includes the coefficient cj and the

decision variable xj. aij is the coefficient to xj in the first constraint, while bi represents

the coefficient on the right-hand side of the same constraint.

A mixed integer linear programming (MILP) problem is a type of LP problem that allows

some of the variables to be integer-valued, whereas the objective function and constraints

are still in linear form (Chinneck, John W, 2015). This includes when one or more variables

are restricted as binary variables that only take values 0 and 1.

4.3 Optimisation Model

The optimisation model is formulated mathematically in the following section with

associated sets, parameters, decision variables, objective functions, and constraints. Lastly,

we will introduce some unique adjustments for the different strategies.

4.3.1 Sets

First, the sets in the model are defined.
D: Set of all days

H: Set of all hours

S: Set of all directions

The set of days includes all days in a year, while the group of hours consists of all hours

in a day, including hour 0. The set of directions includes the four directions in the sky.

4.3.2 Parameters

Parameters for heat loss, heat supply, temperature and electric use are defined.

Heat loss parameters
Hout Heat transfer coefficient to outdoors [W/K]

Hground Heat transfer coefficient to the ground [W/K]

H inf Heat transfer coefficient to infiltration [W/K]

Hvent Heat transfer coefficient to ventilation [W/K]
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The set of days includes all days in a year, while the group of hours consists of all hours

in a day, including hour 0. The set of directions includes the four directions in the sky.

4.3.2 Parameters

Parameters for heat loss, heat supply, temperature and electric use are defined.

Heat loss parameters
Hout Heat transfer coefficient to outdoors [ W / K]

Hground Heat transfer coefficient to the ground [W/ K]
Hinf

Hvent
Heat transfer coefficient to infiltration [W/ K]

Heat transfer coefficient to ventilation [W/ K]
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Heat gain parameters
gglass g-value for glass only

gshading g-value for shading only

Suns,d,h Solar radiation for direction s on day d in hour h [W/m2]

Aw
s Window area for direction s [m2]

Glight
h Heat gain from lights in hour h [kWh]

Gpeop
h Heat gain from people in hour h [kWh]

ABRA Heated utility floor space [m2]

Temperature Parameters
T start Initial indoor temperature [℃]

T goal Indoor temperature goal [℃]

T out
d,h The outdoor temperature on day d in hour h [℃]

T ground
d The ground temperature on day d [℃]

θ Normalised heat capacity [kWh/K]

Electric Use Parameters
Elpriced,h Price of electricity on day d in hour h [NOK]

Tariff var
h Variable network tariff in hour h [NOK]

T design Dimensional power requirement [NOK]

Big M

M Big M

4.3.3 Decision Variables

Heat Loss Variables

Losstotd,h Total heat loss on day d in hour h [kWh]

Heat Supply Variables
gtots,d,h Total g-value for windows for direction s on day d in hour h

zs,d,h 1 if sun shading is on for direction s on day d in hour h, 0 otherwise

Gsun
s,d,h Heat gain from the sun for direction s on day d in hour h [kWh]

Supplytotd,h Total heat gain on day d in hour h [kWh]
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Heat gain parameters
gglass g-value for glass only

gshading g-value for shading only

Suns,d,h Solar radiation for direction s on day d in hour h [W/m2]
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c tgh t Heat gain from lights in hour h [kWh]

G e a p Heat gain from people in hour h [kWh]

ABRA Heated utility floor space [m2]

Temperature Parameters
t = « Initial indoor temperature [QC]

Tgoal Indoor temperature goal [QC]

rout The outdoor temperature on day d in hour h [QC]d,h

Tf0und The ground temperature on day d [QC]

0 Normalised heat capacity [kWh/ K]

Electric U se Parameters
E[Price Price of electricity on day d in hour h [NOK]d,h

T a r i f Jl:,ar Variable network tariff in hour h [NOK]

Tdesign Dimensional power requirement [NOK]

Big M

M Big M

4.3.3 Decision Variables

Heat Loss Variables

L o s i 0 t Total heat loss on day d in hour h [kWh]d,h

Heat Supply Variables
l o t Total g-value for windows for direction s on day d in hour hs,d,h

Zs,d,h l if sun shading is on for direction s on day d in hour h, 0 otherwise

csun Heat gain from the sun for direction s on day d in hour h [kWh]s,d,h

Supplytot Total heat gain on day d in hour h [kWh]d,h
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Temperature Variables
△T air

d,h The temperature difference between indoor and outdoors on day d in hour h [℃]

△T ground
d,h The temperature difference between indoor and ground on day d in hour h [℃]

T in
d,h The indoor temperature on day d in hour h [℃]

Electric use variables

Elused,h Electric use on day d in hour h [kWh]

4.3.4 Objective Function

min
∑
d∈D

∑
h∈H:h>0

elused,h ∗ (elpriced,h + Tariff var
h ) (4.14)

The objective function aims to minimise the total cost of electricity, taking both the

el-price and the variable network tariff into account.

4.3.5 Constraints

Non-negativity Condition

Losstotd,h, g
tot
s,d,h, G

sun
s,d,h, Supply

tot
d,h, Elused,h ≥ 0, ∀ s ∈ S, d ∈ D, h ∈ H (4.15)

All the above variables must be greater or equal to 0.

Heat Loss Constraint

Losstotd,h = ((Hout+H inf+Hvent) ∗ △T air
d,h+Hground ∗ △T ground

d,h )/1000, ∀ d ∈ D, h ∈ H : h > 0

(4.16)

4.16 ensures that total heat loss is adjusted according to the difference between indoor

and outdoor temperatures. The same adjustment applies to heat loss to the ground.

Heat Supply Constraints

Sun gain

M ∗ zs,d,h ≥ suns,d,h − 150, ∀ s ∈ S, d ∈ D, h ∈ H : h > 0 (4.17)

150 ∗ zs,d,h ≤ suns,d,h, ∀ s ∈ S, d ∈ D, h ∈ H : h > 0 (4.18)
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Temperature Variables
D T a i r The temperature difference between indoor and outdoors on day d in hour h [QC]d,h

D T g r o u n d The temperature difference between indoor and ground on day d in hour h [QC]d,h

T i n The indoor temperature on day d in hour h [QC]d,h

Electric use variables

E z u s e Electric use on day d in hour h [ k W h ]d,h

4.3.4 Objective Function

m i n L L
dED hEH:h>O

eluse * (e lprice + T a r i f f v a r )h h h (4.14)

The objective function aims to minimise the total cost of electricity, taking both the

el-price and the variable network tariff into account.

4.3.5 Constraints

N on-negativity Condition

L tot tot a s u n S z tot E z u s e > oOSSd,h, 9s,d,h, s,d,h, u p p Yd,h , d,h - , \ / s E S , d E D , h E H (4.15)

All the above variables must be greater or equal to 0.

Heat Loss Constraint

L o s s t o t = ( ( H o u t + H i n f+ H v e n t ) * D T a i r+ H g r o u n d * D T g r o u n d ) / 1 0 0 0 \j d E D h E H. h> 0d,h d,h d,h , , •

(4.16)

4.16 ensures that total heat loss is adjusted according to the difference between indoor

and outdoor temperatures. The same adjustment applies to heat loss to the ground.

Heat Supply Constraints

Sun gain

M* Zs,d,h s u n s , d , h - 150, Vs E S , d E D, h E H: h> 0 (4.17)

150 * Zs,d,h ::; SUns,d,h , V s E S , d E D , h E H : h > 0 (4.18)
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gtots,d,h = gglass − (gglass − gglass ∗ gshading) ∗ zs,d,h, ∀ s ∈ S, d ∈ D, h ∈ H : h > 0 (4.19)

4.17, 4.18 and 4.19 ensure that the total g-value of the windows includes extra shading if

the solar irradiance for a specific direction is more than 150W/m2 per hour. Otherwise,

the total g-value will only include the regular g-value for glass.

Gsun
d,h =

∑
s∈S

gtots,d,h ∗ Aw
s ∗ suns,d,h/1000, ∀ d ∈ D, h ∈ H : h > 0 (4.20)

4.20 ensures that the right amount of sun gain is calculated for each hour of the day by

adjusting for the g-value and the area of the windows.

Total Heat Supply

Supplytotd,h = Gsun
d,h +Glight

h +Gpeop
h , ∀ d ∈ D, h ∈ H : h > 0 (4.21)

The total heat supply is the sum of heat gain from sun, lighting, and people

Electric Use Constraint

Elused,h ≤ Eldesign, ∀ d ∈ D, h ∈ H : h > 0 (4.22)

4.22 ensures that kWh consumption per hour is less or equal to the designed power

requirement.

Temperature Constraints

△T air
d,h = T in

d,h−1 − T out
d,h−1, ∀ d ∈ D, h ∈ H : h > 0 (4.23)

4.23 ensures that the difference between indoor and outdoor temperature equals the

difference between the indoor and outdoor temperature for the last hour. This constraint

is necessary to calculate heat loss through walls and roofs correctly.

△T ground
d,h = T in

d,h−1 − T ground
d , ∀ d ∈ D, h ∈ H : h > 0 (4.24)

4.24 ensures that the difference between indoor and ground temperature equals the

difference between the indoor and ground temperature for the last hour. This constraint
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g t o t = g g l a s s _ ( g g l a s s _ g g l a s s * g s h a d i n g ) * z
s,d,h s ,d ,h , V s E S , d E D , h E H : h > 0 (4.19)

4.17, 4.18 and 4.19 ensure that the total g-value of the windows includes extra shading if

the solar irradiance for a specific direction is more than 150W / m 2 per hour. Otherwise,

the total g-value will only include the regular g-value for glass.

G ; := L g J , h * A: * s u n s , d , h / 1 0 0 0 ,
sES

V d E D , h E H : h > O (4.20)

4.20 ensures that the right amount of sun gain is calculated for each hour of the day by

adjusting for the g-value and the area of the windows.

Total Heat Supply

S l tot - a s u n + G l i g h t + æ=
u p p Y d , h - d,h h h ,

The total heat supply is the sum of heat gain from sun, lighting, and people

Electric U se Constraint

E l u s e < E l design
d,h - ,

V d E D , h E H : h > O

4.22 ensures that kWh consumption per hour is less or equal to the designed power

requirement.

Temperature Constraints

j \ T a i r T i n r o u t
u. d,h = d , h - 1 - d , h - 1 ,

V d E D, h E H: h> 0

(4.21)

V d E D , h E H : h > O

(4.22)

(4.23)

4.23 ensures that the difference between indoor and outdoor temperature equals the

difference between the indoor and outdoor temperature for the last hour. This constraint

is necessary to calculate heat loss through walls and roofs correctly.

DT g r o u n d _ T i n _ T g r o u n d
d,h - d , h - 1 d , V d E D , h E H : h > O (4.24)

4.24 ensures that the difference between indoor and ground temperature equals the

difference between the indoor and ground temperature for the last hour. This constraint
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is necessary to calculate heat loss through the ground correctly.

T in
d,h = T in

d−1,h+24, ∀ d ∈ D, h ∈ H : d > 1 ∧ h = 0 (4.25)

4.25 ensures that the indoor temperature for hour 0 equals the indoor temperature for hour

24 the day before. This constraint is necessary to ensure the right indoor temperature is

transferred from one day to the next.

T in
d,h = T start, ∀ d ∈ D, h ∈ H : d = 1 ∧ h = 0 (4.26)

4.26 ensures that the initial indoor temperature on the first hour of the first day of

simulation equals the start temperature.

T in
d,h = T in

d,h−1 + (Supplytotd,h − Losstotd,h + Elused,h )/ θ, ∀ d ∈ D, h ∈ H : h > 0 (4.27)

4.27 ensures that the indoor temperature is continuously adjusted following heat loss and

heat supply. The temperature fluctuation is accounted for by dividing the heat supply

and loss by the normalised heat capacity.

4.3.6 Strategy Constant

Variables
xd,h 1 if electricity can be used on day d in hour h, 0 otherwise

NetkWh
d,h kWh that must be added to reach the desired temperature on day d in hour h

Constraints

Netkwh
d,h = Losstotd,h − Supplytotd,h + (T goal − T in

d,h−1) ∗ θ, ∀ d ∈ D, h ∈ H : h > 0 (4.28)

4.28 calculates the kWh surplus or deficit to reach the goal temperature before any

electricity is added.

Netkwh
d,h ≥ −M ∗ (1− xd,h), ∀ d ∈ D, h ∈ H : h > 0 (4.29)

Netkwh
d,h ≤ M ∗ xd,h, ∀ d ∈ D, h ∈ H : h > 0 (4.30)
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d,h - d - 1 , h + 2 4 , V d E D, h E H: d> l/\ h= 0 (4.25)
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Variables
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Constraints
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4.29 and 4.30 solve the issue of knowing when to provide electrical heat to ensure that

the desired indoor temperature is maintained. The binary variable will serve as a switch,

turning the heater on or off.

Elused,h ≤ xd,h ∗M, ∀ d ∈ D, h ∈ H : h > 0 (4.31)

Elused,h ≥ −xd,h ∗M, ∀ d ∈ D, h ∈ H : h > 0 (4.32)

Elused,h ≤ NetkWh
d,h + (1− xd,h) ∗M, ∀ d ∈ D, h ∈ H : h > 0 (4.33)

Elused,h ≥ NetkWh
d,h − (1− xd,h) ∗M, ∀ d ∈ D, h ∈ H : h > 0 (4.34)

4.31, 4.32, 4.33 and 4.34 ensure that electric use equals the exact kWh needed to reach

the desired indoor temperature.

4.3.7 Strategy Night

Paramteres

T night The minimum indoor temperature during night [℃]

Variables
xd,h 1 if electricity can be used on day d in hour h, 0 otherwise

NetkWh
d,h kWh that must be added to reach the desired temperature on day d in hour h

ld,h 1 if the designed power requirement is exceeded to reach the desired temperature

on day d in hour h, 0 otherwise

Constraints

Netkwh
d,h = Losstotd,h−Supplytotd,h+(T night−T in

d,h−1)∗θ, ∀ d ∈ D, h ∈ H : h > 0∧h < 6∨h > 22

(4.35)

Netkwh
d,h = Losstotd,h − Supplytotd,h + (T goal − T in

d,h−1) ∗ θ, ∀ d ∈ D, h ∈ H : h > 5 ∧ h < 23

(4.36)

4.35 and 4.36 calculate the kWh surplus or deficit to reach the goal temperature before

adding electricity. T night is used as the goal temperature until 6 a.m. and from 11 p.m.

as indicated in 4.35, while T goal is used as the desired temperature from 6 a.m. until 11

p.m. as indicated by 4.36.
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4.31, 4.32, 4.33 and 4.34 ensure that electric use equals the exact kWh needed to reach

the desired indoor temperature.

4.3.7 Strategy Night

Paramteres

T n i g h t The minimum indoor temperature during night [0C]

Variables
xd ,h l if electricity can be used on day d in hour h, 0 otherwise
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p.m. as indicated by 4.36.
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Netkwh
d,h ≥ −M ∗ (1− xd,h), ∀ d ∈ D, h ∈ H : h > 0 (4.37)

Netkwh
d,h ≤ M ∗ xd,h, ∀ d ∈ D, h ∈ H : h > 0 (4.38)

4.37 and 4.38 solve the issue of knowing when to provide electrical heat to ensure that

the desired indoor temperature is maintained. The binary variable will serve as a switch,

turning the heater on or off.

Netkwh
d,h − Eldesign ≥ −M ∗ (1− ld,h), ∀ d ∈ D, h ∈ H : h > 0 (4.39)

Netkwh
d,h − Eldesign ≤ M ∗ ld,h, ∀ d ∈ D, h ∈ H : h > 0 (4.40)

4.39 and 4.40 calculate whether the dimensional power requirement of the house is exceeded

when aiming to reach the goal temperature.

Elused,h ≤ xd,h ∗M, ∀ d ∈ D, h ∈ H : h > 0 (4.41)

Elused,h ≥ −xd,h ∗M, ∀ d ∈ D, h ∈ H : h > 0 (4.42)

Elused,h ≤ Eldesign + (1− ld,h) ∗M, ∀ d ∈ D, h ∈ H : h > 0 (4.43)

Elused,h ≥ Eldesign − (1− ld,h) ∗M, ∀ d ∈ D, h ∈ H : h > 0 (4.44)

Elused,h ≤ NetkWh
d,h +(1−xd,h) ∗M +Eldesign ∗ ld,h ∗M, ∀ d ∈ D, h ∈ H : h > 0 (4.45)

Elused,h ≥ NetkWh
d,h − (1−xd,h) ∗M +Eldesign ∗ ld,h ∗M, ∀ d ∈ D, h ∈ H : h > 0 (4.46)

4.41, 4.42, 4.43, 4.44, 4.45 and 4.46 ensure that that power consumption equals the kWh

needed to reach the desired indoor temperature without violating the designed power

requirement.

4.3.8 Strategy Night/Day

Strategy Night/day has all the same definitions as strategy Night. The only difference is

that constraint 4.35 is defined for all d ∈ D, h ∈ H : h > 0∧h < 6∨h > 9∧h < 15∨h > 22

and constraint 4.36 is defined for all d ∈ D, h ∈ H : h > 6 ∧ h < 9 ∨ h > 14 ∧ h < 23
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N e t t - M * (l - xd,h), V d E D, h E H: h> 0

N e t t : S M * xd,h, V d E D, h E H: h> 0

(4.37)

(4.38)

4.37 and 4.38 solve the issue of knowing when to provide electrical heat to ensure that

the desired indoor temperature is maintained. The binary variable will serve as a switch,

turning the heater on or off.

Netkwh - Eldesign> - M * (l - l )d,h - d,h ,

N etkwh _ Eldesign < M* ld,h - dh ,

V d E D , h E H : h > O

V d E D , h E H : h > O

(4.39)

(4.40)

4.39 and 4.40 calculate whether the dimensional power requirement of the house is exceeded

when aiming to reach the goal temperature.

Eluse < Eldesign+ (l - l ) * Md,h - d,h ,

Eluse > Eldesign - (l - l ) * Md,h - d,h ,

V d E D, h E H: h> 0

V d E D , h E H : h > O

V d E D , h E H : h > O

V d E D , h E H : h > O

(4.41)

(4.42)

(4.43)

(4.44)

E l u s e < N e t k W h + ( l - x )*M+Eldes ign* l *Md,h - d,h d,h d,h ,

E l u s e > N e t k W h _ ( l - x )*M+Eldes ign*l *Md,h - d,h d,h d,h ,

Vd E D, h E H: h> 0 (4.45)

Vd E D, h E H: h> 0 (4.46)

4.41, 4.42, 4.43, 4.44, 4.45 and 4.46 ensure that that power consumption equals the kWh

needed to reach the desired indoor temperature without violating the designed power

requirement.

4.3.8 Strategy Night /Day

Strategy Night/day has all the same definitions as strategy Night. The only difference is

that constraint 4.35 is defined for all d E D, h E H: h> 0 / \ h < 6Vh > 9 / \ h < 15Vh > 22

and constraint 4.36 is defined for all d E D, h E H: h> 6 / \ h < 9 V h> 14 / \ h < 23
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4.3.9 Strategy Flex

T in
d,h ≥ T goal, ∀d ∈ D, h ∈ H : h > 5 ∧ h < 9 ∨ h > 14 ∧ h < 23 (4.47)

The indoor temperature must be equal to or higher than the goal temperature when

occupants are home and awake.
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4.3.9 Strategy Flex

T i n > t = 'd,h - , Vd E D, h E H: h> 5 / \ h < 9 V h> 14 / \ h < 23 (4.47)

The indoor temperature must be equal to or higher than the goal temperature when

occupants are home and awake.
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5 Data Description

This section will describe the data used to solve the optimisation problem. The model

will optimise each heating strategy individually and rely on input data from different

sources. Some of the data needs additional pre-processing and computation before

implementation. Accordingly, this section is divided into two subsections: data processing

and implementation.

5.1 Data Processing

Large parts of the retrieved data are raw and require pre-processing and computation

before being introduced to the model. This sub-section will describe and cover the

pre-processing performed on the data.

5.1.1 Hourly Day-ahead Power Prices

The hourly historical power prices are retrieved from Nord Pool’s data portal (Nord Pool,

2022b). Nord Pool runs the leading power market in Europe and has established a unique

portal with historical power market data behind a paywall. Fortunately, Nord Pool has

granted us a limited period of free access to support our research.

The retrieved power prices stretch from 1. October 2021, 1 a.m. to 30. September 2022

at midnight. Each observation applies to one hour, making 8 760 observations in total.

As AMPL cannot read dates meaningfully, we replaced the dates with numbers ranging

from 1 to 365 to represent each day throughout the year. The raw data is measured in

NOK/MWh but transformed to øre/kWh by dividing the observations by 10. We did

this transformation because the hourly electricity cost is usually measured in øre/kWh.

Moreover, as the problem focuses on private households in Bergen, we retrieved the power

data from price zone NO5, which relates to the western part of Norway.
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5.1.2 Solar Irradiance

The solar irradiance data is collected from the interactive tool of the European photovoltaic

geographical information system, particularly from the satellite-based PVGIS-SARAH2

database. The database has an hourly time resolution with a temporal range from 2005

– 2020 (European Comission, 2022). However, the database only provides long-term

averages, unable to capture exact daily variance in cloud coverage within each month.

The retrieved irradiance data is global tilted irradiance (GTI) measured on a 90-degree

tilted plane in Florida, Bergen. The data is retrieved as daily average irradiance and

retrieved for planes facing in the azimuth directions: north, south, east, and west to

capture irradiance through windows placed in all celestial directions. The SARAH2

satellite captures cloud coverage and air pollution affecting sun irradiance through albedo

and cloud opacity. Albedo is a measure of diffuse reflection of solar irradiance and helps

the satellite to separate land surface and cloud coverage. Accordingly, cloud opacity

measures the thickness of the detected clouds (Honsberg, 2019). In this way, we consider

cloud coverage in the solar irradiance data. An illustration of the hourly data for the sum

of all directions for each month is illustrated in appendix A1. The data is downloaded for

each month separately and assembled in Excel. Data from different azimuth directions

are implemented in a three-dimensional matter in AMPL.

5.1.3 Temperaure Data

Hourly air temperature in Florida, Bergen from 1. October 2021 to 30. September 2022 is

retrieved from the Norwegian Centre for Climate Services (NCCS). NCCS provides relevant

information about climate change, including weather data and statistics (Norwegian Centre

for Climate Services, 2022). Ground temperature is included in the model to capture

the difference in transmission loss from the building envelope to the ground. The ground

temperature is more stable than the air temperature and fluctuates around the average

air temperature for a specific location (Blom, 2006). Accordingly, we use the monthly

average air temperature as the outside temperature for the floor against the ground. The

air and ground temperature are collected from the weather station SN50540 in Florida,

Bergen and assembled in Excel by replacing dates with numbers ranging from 1-365.
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The solar irradiance data is collected from the interactive tool of the European photovoltaic

geographical information system, particularly from the satellite-based PVGIS-SARAH2

database. The database has an hourly time resolution with a temporal range from 2005

- 2020 (European Comission, 2022). However, the database only provides long-term

averages, unable to capture exact daily variance in cloud coverage within each month.

The retrieved irradiance data is global tilted irradiance (CTI) measured on a 90-degree

tilted plane in Florida, Bergen. The data is retrieved as daily average irradiance and

retrieved for planes facing in the azimuth directions: north, south, east, and west to

capture irradiance through windows placed in all celestial directions. The SARAH2

satellite captures cloud coverage and air pollution affecting sun irradiance through albedo

and cloud opacity. Albedo is a measure of diffuse reflection of solar irradiance and helps

the satellite to separate land surface and cloud coverage. Accordingly, cloud opacity

measures the thickness of the detected clouds (Honsberg, 2019). In this way, we consider

cloud coverage in the solar irradiance data. An illustration of the hourly data for the sum

of all directions for each month is illustrated in appendix Al. The data is downloaded for

each month separately and assembled in Excel. Data from different azimuth directions

are implemented in a three-dimensional matter in AMPL.

5.1.3 Temperaure Data

Hourly air temperature in Florida, Bergen from l. October 2021 to 30. September 2022 is

retrieved from the Norwegian Centre for Climate Services (NCCS). NCCS provides relevant

information about climate change, including weather data and statistics (Norwegian Centre

for Climate Services, 2022). Ground temperature is included in the model to capture

the difference in transmission loss from the building envelope to the ground. The ground

temperature is more stable than the air temperature and fluctuates around the average

air temperature for a specific location (Blom, 2006). Accordingly, we use the monthly

average air temperature as the outside temperature for the floor against the ground. The

air and ground temperature are collected from the weather station SN50540 in Florida,

Bergen and assembled in Excel by replacing dates with numbers ranging from 1-365.
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5.2 Data Implementation

This section will outline and justify the different input values for the model.

5.2.1 Dimensions of the House

The dimensions of the house are essential input values as it determines the heat loss and

heat gain and, thus, how much energy must be supplied to maintain a comfortable indoor

temperature.

Figure 5.1: Illustration of the demo house

The demo house for this optimisation problem is a single-family house with a utility floor

space of 184 m2 divided between two floors in accordance with the typology of Norwegian

residential buildings built after 2011 (Brattebø et al., 2016). The demo house is illustrated

in Figure 5.1. Windows and doors are set to less than 20 percent of heated utility floor

space, although the requirement is less than 25 percent in TEK 17. The reason for this is

to enable us to compare results with TEK 97 standards in the scenario analysis without

changing the dimensions of the demo house. In a real case, temperature variations between

different rooms will occur. However, the model will simplify this aspect by looking at the

demo house as one unit, assuming the same indoor temperature in all rooms. Table 5.1

summarises all relevant dimension input values. The demo house is thought to be located

in Florida, Bergen.
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Figure 5.1: Illustration of the demo house

The demo house for this optimisation problem is a single-family house with a utility floor

space of 184 m2 divided between two floors in accordance with the typology of Norwegian

residential buildings built after 2011 (Brattebø et al., 2016). The demo house is illustrated

in Figure 5.1. Windows and doors are set to less than 20 percent of heated utility floor

space, although the requirement is less than 25 percent in TEK 17. The reason for this is

to enable us to compare results with TEK 97 standards in the scenario analysis without

changing the dimensions of the demo house. In a real case, temperature variations between

different rooms will occur. However, the model will simplify this aspect by looking at the

demo house as one unit, assuming the same indoor temperature in all rooms. Table 5.1

summarises all relevant dimension input values. The demo house is thought to be located

in Florida, Bergen.
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Input Value

Heated utility floor space 184 m2

Length 10 m

Width 9.2 m

Height 5 m

Windows and doors 37 m2

Ceiling 92 m2

Floor to ground 92 m2

Wall surface* 155 m2

Volume** 414 m3

Floors 2

Location Bergen, Florida
* Wall surface is equal to 2 ∗ 5 ∗ 10 + 2 ∗ 5 ∗ 9.2− 37 m2 (windows and doors) = 155 m2

** We assume that partition walls and floor dividers make up 10 % of the gross internal volume.
Thus, total volume equals 5 ∗ 10 ∗ 9.2 ∗ 0.9 = 414 m3

Table 5.1: Summary of dimensions of the demo house

5.2.2 Building Physics

Minimum energy efficient measures from TEK 17 are used to meet the overall net energy

requirements without calculating the overall energy usage per m2. All U-values, leakage

numbers, cold bridge values and temperature efficiency for heat recovery are determined

according to these requirements. Table 5.2 summarises these input values.

Input Value

Outer walls 0.18 [U-value]

Roof 0.13 [U-value]

Floor 0.10 [U-value]

Windows and doors 0.80 [U-value]

Heat recovery in ventilation systems 80 %

Air leakage at 50 pa/h 0.6

Normalised cold bridge value 0.05 W/m2K

Air volume flow 1.2 m3/hm2

Table 5.2: Energy efficiency measures TEK 17
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numbers, cold bridge values and temperature efficiency for heat recovery are determined
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Input Value
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Windows and doors 0.80 [U-value]

Heat recovery in ventilation systems 80 %
Air leakage at 50 pa/h 0.6
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Windows

To meet the requirement of the U-value for windows, three-layer panes with gas filling and

coating are the most common (Geving, 2021). These windows have a g-value of about 0.53

(Geving, 2021), while outdoor sun shading has a g-value of approximately 0.18 (Tekna,

2021). The window area is assumed to be equally divided on each side of the house. The

input values for windows are summarised in Table 5.3.

Input Value

g-value glass 0.53

g-value shading 0.18

Table 5.3: Summary of g-values

Heat Transfer Coefficients

The heat transfer coefficients can be calculated based on the dimensions of the house and

energy efficiency requirements in TEK 17. Table 5.4 summarises these calculations.

Heat Transfer Coefficients TEK 17

U-value Area Heat transfer coefficient

Outer walls 0.18 155 0.18 * 155 = 27.90

78.66 Hout

25.79 %

Roof 0.13 92 0.13 * 92 = 11.96 11.06 %

Windows and doors 0.80 37 0.80 * 37 = 29.60 27.36 %

Cold bridges - - 0.05 * 184 = 9.20 8.51 %

Floor to ground 0.10 92 0.10 * 92 = 9.20 9.20 Hground 8.51 %

Ventilation* - - - 14.57 Hvent 13.47 %

Infiltration** - - - 5.74 Hinf 5.31 %

Total 108.17 H 100 %

* Hvent = (1− /100) ∗ C ∗Q = (1− 0.8) ∗ 0.33 ∗ (1.2 ∗ 184) = 14.57
** R = e ∗ n50(h

(−1)) = 0.07 ∗ 0.6 = 0.042, Hinf = C ∗R ∗ V = 0.33 ∗ 0.042 ∗ 414 = 5.74
See methodology for details about the calculation

Table 5.4: Heat transfer coefficient calculation TEK 17

Normalised Heat Capacity

Myhre et al. (2012) calculate a suitable normalised heat capacity of 28 Wh/m2K for an

average small family house with two floors. Accordingly, we use this value to describe the

5.2 Data Implementation 37

Windows

To meet the requirement of the U-value for windows, three-layer panes with gas filling and

coating are the most common (Geving, 2021). These windows have a g-value of about 0.53

(Geving, 2021), while outdoor sun shading has a g-value of approximately 0.18 (Tekna,

2021). The window area is assumed to be equally divided on each side of the house. The

input values for windows are summarised in Table 5.3.

Input Value

g-value glass 0.53

g-value shading 0.18

Table 5.3: Summary of g-values

Heat Transfer Coefficients

The heat transfer coefficients can be calculated based on the dimensions of the house and

energy efficiency requirements in TEK 17. Table 5.4 summarises these calculations.

Heat Transfer Coefficients TEK 17

U-value Area Heat transfer coefficient

Outer walls

Roof

0.18

0.13

Windows and doors 0.80

Cold bridges

Floor to ground

Ventilation*

Infiltration**

Total

0.10

155

92

37

92

0.18 * 155 = 27.90

0.13 * 92 = 11.96

0.80 * 37 = 29.60

0.05 * 184 = 9.20

0.10 * 92 = 9.20

78.66

9.20 H g r o u n d

14.57 H v e n t

5.74 W n f

108.17 H

25.79 %
11.06 %
27.36 %
8.51 %

8.51 %
13.47 %

5.31 %

100 %
* Hvent = (l - /100) * C * Q = (l - 0.8) * 0.33 * (1.2 * 184) = 14.57

* * R = e* nso(h(-l)) = 0.07 * 0.6 = 0.042, u = ! = C * R* V= 0.33 * 0.042 * 414 = 5.74
See methodology for details about the calculation
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Normalised Heat Capacity

Myhre et al. (2012) calculate a suitable normalised heat capacity of 28 W h / m 2K for an

average small family house with two floors. Accordingly, we use this value to describe the
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thermal inertia of the demo house, which gives a total of 28 Wh/m2K∗184 m2 = 5 152 Wh.

This means that the demo house requires 5 152 Wh to raise the temperature in the house

by one Kelvin if there is no heat loss.

5.2.3 Internal Load

The normalised input data for internal load from NS 3031 for Norwegian private houses

are displayed in Table 5.5 (Standard Norge, 2020).

Persons 1.5 W/m2

Lightning 1.7 W/m2

Table 5.5: Summary of internal load data

5.2.4 Temperature

It is recommended that the room temperature is set to a minimum of 19 ℃ and kept

below 22℃ when electrical heating is required (DiBK, 2017). Thus, we have chosen an

indoor temperature of 21 as the optimal indoor temperature for this optimisation model.

Moreover, for buildings without cooling, the Norwegian Standard NS-EN 15251 specifies

an adaptive temperature model that allows for higher indoor temperatures than 26 ℃ to be

accepted when warm outside (Myhre et al., 2012). Bergen’s designed outdoor temperature

for winter is −10 (NemiTek, 2019). Table 5.6 summarises all chosen temperature values.

Input Value

Optimal indoor temperature 21℃

Designed outdoor temperature, Bergen −10℃

Table 5.6: Temperature values

5.2.5 Dimensional Power Requirement

We use the temperature data to calculate the dimensional power requirement.

ELdesign = H ∗ (T in −DUT ) = 108.17 ∗ (21− (−10)) = 3 353 W
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Optimal indoor temperature 21°C

Designed outdoor temperature, Bergen - l0°C

Table 5.6: Temperature values

5.2.5 Dimensional Power Requirement

We use the temperature data to calculate the dimensional power requirement.

ELdesign = H * (Tin - D U T ) = 108.17 * (21 - ( -10) ) = 3 353 W



5.2 Data Implementation 39

For the night and night/day strategies, the heating system must be dimensioned to

maintain the desired temperature and increase the temperature in the morning and

afternoon. For this problem, we assume that the heating system must be able to raise the

temperature by at least one degree within one hour, which means that 5 152 Wh must be

added to the dimensional power requirement.

ELdesign = 3 353W + 5 152W = 8 505 W

5.2.6 Variable Network Tariff

BKK, the local grid operator, decides the network tariff for Bergen, and the current

variable costs are displayed in Table 5.7.

Day Night/weekend

49.90 39.90

Table 5.7: Variable network tariff costs.
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For the night and night/day strategies, the heating system must be dimensioned to

maintain the desired temperature and increase the temperature in the morning and

afternoon. For this problem, we assume that the heating system must be able to raise the

temperature by at least one degree within one hour, which means that 5 152 Wh must be

added to the dimensional power requirement.

E L d e s i g n = 3 353W + 5 152W = 8 505 W

5.2.6 Variable Network Tariff

BKK, the local grid operator, decides the network tariff for Bergen, and the current

variable costs are displayed in Table 5.7.

D a y

49.90

Night/ weekend

39.90

Table 5.7: Variable network tariff costs.
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6 Results

The analysis will present, compare, and discuss the results and findings obtained for each

heating strategy. Subsequently, we will conduct two scenario analyses to investigate how

the heating strategies will perform in a house built with TEK 97 standards and how the

future change in electricity price volatility may affect the behaviour and performance

of the strategies. The fixed network tariff is not included in the annual total cost and

optimal solution because the rate also depends on other sources of power consumption.

6.1 Analysis of the Heating Strategies

6.1.1 Presentation of The Results

The first part of the analysis will present the results for all strategies individually before

they are compared and discussed. The optimisation model is run in AMPL using the

CPLEX solver. January is chosen for illustrations, as this month is associated with a

significant heating demand.

6.1.1.1 Strategy Constant

The optimal objective function is NOK 12 042, which represents the cost of the constant

strategy from October 2021 to October 2022. This corresponds to a total annual electricity

use of 6 121 kWh. Figure 6.1 displays the average electrical cost, electrical usage, heat

loss, heat gain and indoor and outdoor temperature for January 2022. The grey shadows

illustrate the times of the day when occupants are home and awake.
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Figure 6.1: Electric cost, electric use, heat loss, heat supply and indoor and outdoor
temperature for strategy constant, January 2022

We observe that the electrical use and cost for the constant strategy follow the variation in

heat supply closely, indicating that the strategy does not execute any smart behaviour but

only responds to the external effects on the indoor temperature. Furthermore, in terms

of grid load, the strategy has a relatively uniform consumption pattern accompanied by

variations in outdoor temperature and solar gain.

6.1.1.2 Strategy Night

The optimal objective function of the night strategy is NOK 11 936, which represents the

cost of the night heating strategy from October 2021 to October 2022. This corresponds

to a total annual electricity use of 5 923 kWh. Figure 6.2 displays the average electrical

cost, electrical usage, heat loss, heat gain and indoor and outdoor temperature for January

2022. The grey shadows illustrate the times of the day when occupants are home and

awake.
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Figure 6.1: Electric cost, electric use, heat loss, heat supply and indoor and outdoor
temperature for strategy constant, January 2022

We observe that the electrical use and cost for the constant strategy follow the variation in

heat supply closely, indicating that the strategy does not execute any smart behaviour but

only responds to the external effects on the indoor temperature. Furthermore, in terms

of grid load, the strategy has a relatively uniform consumption pattern accompanied by

variations in outdoor temperature and solar gain.

6.1.1.2 Strategy Night

The optimal objective function of the night strategy is NOK 11 936, which represents the

cost of the night heating strategy from October 2021 to October 2022. This corresponds

to a total annual electricity use of 5 923 kWh. Figure 6.2 displays the average electrical

cost, electrical usage, heat loss, heat gain and indoor and outdoor temperature for January

2022. The grey shadows illustrate the times of the day when occupants are home and

awake.
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Figure 6.2: Electric cost, electric use, heat loss, heat supply and indoor and outdoor
temperature for strategy night, January 2022

We observe that the night strategy’s electricity use and cost follow the natural heat supply

variation during the daytime. However, the strategy has very little electricity usage

during the night but extensive use in the morning when heating is necessary to raise the

temperature after night lowering. Like strategy constant, it does not execute any smart

behaviour. Still, it responds to the extra heat demand in the mornings and other external

effects on the indoor temperature throughout the day. Despite the relatively low annual

use of kWh, the night strategy inflicts extra load on the electricity grid in the morning,

which does not comply with the network tariffs incentive to spread power consumption.

6.1.1.3 Strategy Night/day

The optimal objective function is NOK 11 620, which represents the cost of the night/day

heating strategy from October 2021 to October 2022. This corresponds to a total annual

electricity use of 5 848 kWh. Figure 6.3 below displays the average electricity cost,

electricity usage, heat loss, heat gain and indoor and outdoor temperature for January

2022. The grey shadows illustrate the times of the day when occupants are home and

awake.
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Figure 6.2: Electric cost, electric use, heat loss, heat supply and indoor and outdoor
temperature for strategy night, January 2022

We observe that the night strategy's electricity use and cost follow the natural heat supply

variation during the daytime. However, the strategy has very little electricity usage

during the night but extensive use in the morning when heating is necessary to raise the

temperature after night lowering. Like strategy constant, it does not execute any smart

behaviour. Still, it responds to the extra heat demand in the mornings and other external

effects on the indoor temperature throughout the day. Despite the relatively low annual

use of kWh, the night strategy inflicts extra load on the electricity grid in the morning,

which does not comply with the network tariffs incentive to spread power consumption.

6.1.1.3 Strategy N i g h t / d a y

The optimal objective function is NOK 11 620, which represents the cost of the night/day

heating strategy from October 2021 to October 2022. This corresponds to a total annual

electricity use of 5 848 kWh. Figure 6.3 below displays the average electricity cost,

electricity usage, heat loss, heat gain and indoor and outdoor temperature for January

2022. The grey shadows illustrate the times of the day when occupants are home and

awake.
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Figure 6.3: Electric cost, electric use, heat loss, heat supply and indoor and outdoor
temperature for strategy night/day, January 2022

Unlike the constant and night strategy, we observe that the electricity use and cost of the

night/day strategy follow the night and day lowering patterns decided by the occupancy

patterns rather than the daily variation in heat supply and outdoor temperature. This

pattern is evident through the high morning and afternoon consumption peaks. Despite

the low annual use of kWh, the night/day strategy inflicts a considerable load on the

electricity grid in the morning and the afternoon when the overall grid load is usually on

top. This consumption pattern does not comply with the network tariff’s incentive for

smarter load distribution.

6.1.1.4 Strategy Flex

The optimal objective function is NOK 11 141, which represents the cost of the flex heating

strategy from October 2021 to October 2022. This corresponds to a total annual electricity

use of 6 075 kWh. Figure 6.4 below displays the average electricity cost, electricity usage,

heat loss, heat gain and indoor and outdoor temperature for January 2022. The grey

shadows illustrate the times of the day when occupants are home and awake.
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Figure 6.3: Electric cost, electric use, heat loss, heat supply and indoor and outdoor
temperature for strategy night/day, January 2022

Unlike the constant and night strategy, we observe that the electricity use and cost of the

night/day strategy follow the night and day lowering patterns decided by the occupancy

patterns rather than the daily variation in heat supply and outdoor temperature. This

pattern is evident through the high morning and afternoon consumption peaks. Despite

the low annual use of kWh, the night/ day strategy inflicts a considerable load on the

electricity grid in the morning and the afternoon when the overall grid load is usually on

top. This consumption pattern does not comply with the network tariff's incentive for

smarter load distribution.

6.1.1.4 Strategy Flex

The optimal objective function is NOK 11 141, which represents the cost of the flex heating

strategy from October 2021 to October 2022. This corresponds to a total annual electricity

use of 6 075 kWh. Figure 6.4 below displays the average electricity cost, electricity usage,

heat loss, heat gain and indoor and outdoor temperature for January 2022. The grey

shadows illustrate the times of the day when occupants are home and awake.
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Figure 6.4: Electric cost, electric use, heat loss, heat supply and indoor and outdoor
temperature for strategy flex, January 2022

We observe that the flex strategy’s cost and electrical use follow the variation in occupancy

patterns to ensure desired room temperature when occupants are home and awake. Unlike

the night and night/day strategy, it does not use extensive power in the morning and

afternoon to heat the house, despite lowering the temperature during night and day. This

strategy executes smart behaviour by adapting to the variation in power prices and grid

load, which implies that it is likely to start the heating process at night and earlier in the

afternoon, or whenever the prices are low.

The strategy utilises the house’s heat-storing abilities to keep the house at a comfortable

temperature at a low cost during the price peak by providing more heat than necessary in

advance when prices are lower. However, the excess heat supplied causes a higher heat

loss as temperature differences increase between indoors and outdoors. Even though heat

is not needed before 7 a.m., figure 6.4 shows that the flex strategy heats more during the

night and less in the morning when prices rise. It is profitable to shift consumption as

long as the savings of doing so are greater than the costs of the additional kilowatts that

must be supplied to compensate for an increased heat loss. As a result, the strategy has

high annual electricity consumption but low cost. However, most of the kWh consumption

occurs when the grid load is low, which complies with the incentives of the tariff model.
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Figure 6.4: Electric cost, electric use, heat loss, heat supply and indoor and outdoor
temperature for strategy flex, January 2022

We observe that the flex strategy's cost and electrical use follow the variation in occupancy

patterns to ensure desired room temperature when occupants are home and awake. Unlike

the night and night/ day strategy, it does not use extensive power in the morning and

afternoon to heat the house, despite lowering the temperature during night and day. This

strategy executes smart behaviour by adapting to the variation in power prices and grid

load, which implies that it is likely to start the heating process at night and earlier in the

afternoon, or whenever the prices are low.

The strategy utilises the house's heat-storing abilities to keep the house at a comfortable

temperature at a low cost during the price peak by providing more heat than necessary in

advance when prices are lower. However, the excess heat supplied causes a higher heat

loss as temperature differences increase between indoors and outdoors. Even though heat

is not needed before 7 a.m., figure 6.4 shows that the flex strategy heats more during the

night and less in the morning when prices rise. It is profitable to shift consumption as

long as the savings of doing so are greater than the costs of the additional kilowatts that

must be supplied to compensate for an increased heat loss. As a result, the strategy has

high annual electricity consumption but low cost. However, most of the kWh consumption

occurs when the grid load is low, which complies with the incentives of the tariff model.
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6.1.2 Comparison of the strategies

In this part of the thesis, we will compare the results obtained for each heating strategy

based on cost, annual kWh consumption, and its impact on the power grid. We will consider

each strategy’s specific requirements and heating schedules to make a fair comparison. For

instance, the constant strategy is likely to be more expensive due to its strict constraints

and need for a consistently high and stable indoor temperature. On the other hand, the

flex and night/day strategies have similar temperature requirements, allowing a direct

comparison of their costs and consumption.

Despite their differences, studying the variations in cost, kWh consumption, heating

patterns, and impact on the grid load between the flex and the non-smart strategies is

interesting. By doing so, we can gain valuable insights into the potential of smart heating

and whether it complies with government objectives.

NOK/kWh

Table 6.1 summarises the average cost per kWh consumed by the four heating strategies.

The flex strategy has the lowest price per kWh, indicating that heating is most cost-

effective when electricity prices are low. The constant strategy also achieves a lower price

per kWh than the night and night/day strategy, indicating that the latter two strategies

consume more electricity during hours with higher prices. The average cost is calculated

by dividing it by its total kWh usage. Even though the flex strategy performs well in

terms of cost per kWh, it is also essential to consider its total cost and kWh usage to

evaluate its overall performance.

Constant Night Night/day Flex

1.97 2.01 1.99 1.83

Table 6.1: Average NOK/kWh for TEK 17

Total cost and kWh consumption

Figure 6.5 shows each strategy’s total cost and kWh consumption from October 2021 to

October 2022. The cost difference between the strategies ranges from NOK 11 141 for

the flex strategy to NOK 12 042 for the constant strategy. This means that the constant,

night, and night/day strategies cost 8.08 percent, 7.13 percent, and 4.29 percent more
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than the flex strategy. The kWh consumption also varies among the strategies, with the

night/day strategy consuming the least at 5 848 kWh and the constant strategy consuming

the most at 6 121 kWh.

Figure 6.5: Total cost and kWh consumption for the four strategies

Despite their low kWh consumption, the night and night/day strategies are more expensive

than the flex strategy. This is because the night and night/day strategies do not consider

electricity prices when heating but use the kWh necessary at every instant to maintain the

desired indoor temperature. As a result, these strategies require a heating system with

a higher power dimension to provide appropriate amounts of heat in the morning and

afternoon. The high consumption after temperature lowering can also lead to a high fixed

and variable tariff cost, as the maximum power determines the network tariff consumed

simultaneously and whether consumption occurs during peak hours. The fixed tariff for

these two strategies may make them less attractive than the flex strategy.

The Constant strategy is the only strategy that does not allow temperature lowering. Its

constant kWh usage and inflexible consumption pattern lead to a higher kWh consumption

and high annual cost than the flex strategy. However, its low degree of complexity

and stable electricity consumption may appeal to individuals who value simplicity and

consistency in their heating systems, as it does not require frequent adjustments or complex
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smart heating systems. The high cost and kWh usage associated with the constant strategy

can be seen in Figure 6.5.

Overall, the flex strategy appears to be the most efficient heating strategy regarding cost

and kWh consumption compared to the non-smart strategies in the case study.

Distribution of consumption

In addition to total kWh consumption, the distribution of consumption is crucial for

avoiding grid congestion and ensuring reliable and affordable electricity. Figure 6.6 shows

each strategy’s average power consumption pattern, which reflects the nature of the

behavioural constraints imposed on them. Although the night and night/day strategies

have the lowest total kWh consumption, they have high peaks in the mornings and

afternoons, which increases the grid load during these times. This is illustrated by the

pink and dark blue graphs in Figure 6.6. Although lowering the temperature can be

energy efficient because it reduces total energy usage, this consumption pattern may not

align with the new tariff model implemented by the Norwegian grid operator, which aims

to encourage consumers to evenly distribute their energy consumption throughout the day

in order to avoid the need for costly grid upgrades. As Buvik et al. (2022) suggest, Norway

is moving towards an effect-dimensioned power system, meaning that consumption must

adapt to the amount of available electricity. Consequently, distributing the grid load

evenly will be even more important in the coming years.

Regardless of the high kWh usage and cost, the constant strategy distributes consumption

relatively evenly compared to the other strategies, as shown by the turquoise graph in

Figure 6.6. While the non-smart strategies do not adapt to prices and changes in grid

load, the flex strategy utilises price peaks and troughs by minimising consumption when

prices and grid load are high and supplying excess heat when prices and grid load are low,

as illustrated by the green line in Figure 6.6. Therefore, the flex strategy is most effective

for balancing the grid load.
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Figure 6.6: Average heating pattern for all strategies

To summarise, the smart flex strategy shows an improvement from the non-smart heating

behaviours regarding cost per kWh and total cost. Despite the higher kWh usage for the

flex strategy, it sustainably distributes its consumption load in contrast to the night and

night/day strategies.

6.2 Scenario Analysis

The findings from analysing the base case have raised our curiosity about whether smart

heating by the flex strategy will be beneficial if the house is built in compliance with

older technical requirements and if power price volatility were to change in the future.

Therefore, two scenario analyses will be performed in the following subsections.

6.2.1 Scenario 1: House Built According to TEK 97 Standards

Around 85 percent of single-family houses in Bergen were built before 2000 (SSB, 2022).

While many of these homes have been renovated or upgraded since their construction,

many still have poor insulation and do not meet the TEK 17 standard for building

envelope performance. The higher heat loss in older buildings might limit the ability to

shift heating to periods with lower prices. We use the TEK 97 regulation to investigate
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To summarise, the smart flex strategy shows an improvement from the non-smart heating

behaviours regarding cost per kWh and total cost. Despite the higher kWh usage for the

flex strategy, it sustainably distributes its consumption load in contrast to the night and

night/ day strategies.

6. 2 Scenario Analysis

The findings from analysing the base case have raised our curiosity about whether smart

heating by the flex strategy will be beneficial if the house is built in compliance with

older technical requirements and if power price volatility were to change in the future.

Therefore, two scenario analyses will be performed in the following subsections.

6.2.1 Scenario l: House Built According to TEK 97 Standards

Around 85 percent of single-family houses in Bergen were built before 2000 (SSB, 2022).

While many of these homes have been renovated or upgraded since their construction,

many sti l l have poor insulation and do not meet the T E K 17 standard for building

envelope performance. The higher heat loss in older buildings might limit the ability to

shift heating to periods with lower prices. We use the TEK 97 regulation to investigate
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this issue, as this standard was the first to specify energy-saving measures as an alternative

for calculating total energy efficiency. We expect that total energy usage and cost will

increase for all strategies, but we will analyse their relative performance and trends to

understand how they are affected.

6.2.1.1 Data Adjustments

The only adjustment made to the model is the input data for building requirements which

is changed from TEK 17 to TEK 97. By keeping everything else constant, we can study

the impact of the change in isolation. Table 6.2 summarises the adjustment made for

the input data, and table 6.3 shows the new calculation of the heat transfer coefficients

based on these values. In addition, the new dimensional power requirement is calculated

as TEK 97 requires a more comprehensive heating system.

Input Value TEK 97 Value TEK 17

Outer walls 0.22 [U-value] 0.18 [U-value]

Roof 0.15 [U-value] 0.13 [U-value]

Floor 0.15 [U-value] 0.10 [U-value]

Windows and doors* 1.60 [U-value] 0.80 [U-value]

Heat recovery in ventilation systems 60 % 80 %

Air leakage at 50Pa/h 4 0.6

Normalised cold bridge value -** 0.05 W/m2K

Air volume flow 1.2 m3/h m2 *** 1.2 m3/h m2

* Two-layer panes with a g-value of 0.65 is chosen to meet the required U-value for TEK 97 (Geving,
2021).
** For TEK 97, the normalised cold bridge values are incorporated in the U-values.
*** TEK 97 does not have any specific requirement for air volume flow. Thus, the value is set equal to
the requirement in TEK 17.

Table 6.2: Building Requirements TEK 17 and TEK 97
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Heat Transfer Coefficients TEK 17

U-value Area Heat transfer coefficient

Outer walls 0.22 155 0.22 * 155 = 34.10

107.10 Hout

18.11 %

Roof 0.15 92 0.15 * 92 = 13.80 7.33 %

Windows and doors 1.60 37 1.60 * 37 = 59.20 31.44 %

Cold bridges - - - -

Floor to ground 0.15 92 0.15 * 92 = 13.80 13.80 Hground 7.33 %

Ventilation* - - - 29.15 Hvent 15.48 %

Infiltration** - - - 38.25 Hinf 20.31 %

Total 188.30 H 100 %

* Hvent = (1− β/100) ∗ C ∗Q = (1− 0.6) ∗ 0.33 ∗ (1.2 ∗ 184) = 29.15
** R = e ∗ n50(h

(−1)) = 0.07 ∗ 4 = 0.28, Hinf = C ∗R ∗ V = 0.33 ∗ 0.28 ∗ 414 = 38.25
See the methodology section for details about the calculation

Table 6.3: Calculation of heat transfer coefficients TEK 97

Dimensional power requirement – TEK 97:

The dimensional power requirements must be adjusted as a new heat transfer coefficient

is calculated. For constant and flex strategy:

Eldesign = H ∗ (T in −DUT ) = 188.3 ∗ (21− (−10)) = 5 837 W

For night and night/day strategy:

Eldesign = 5 837 W + 5 152 W = 10 989 W

6.2.1.2 Results

Table 6.4 summarises the results from scenario 1 with TEK 97 standards and the base case

scenario with TEK 17 standards. As anticipated, the TEK 97 house has a significantly

higher kWh usage and cost per year than the TEK 17 house. The results will be studied

in detail in the coming subsections.
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Constant Night Night/day Flex

Total cost
TEK 17 12 042 11 936 11 620 11 141

TEK 97 28 853 27 921 26 876 26 225

kWh usage
TEK 17 6 121 5 923 5 848 6 075

TEK 97 14 169 13 554 13 217 13 497

Table 6.4: Total cost and kWh usage for TEK 17 and TEK 97

NOK/kWh

Table 6.5 shows the average electricity price per kWh for the various strategies in the

base case (TEK 17) and scenario 1 (TEK 97). The flex strategy consistently achieves the

lowest average cost, while the night strategy consistently achieves the highest average cost.

In scenario 1, the constant and night/day strategies have switched positions compared to

the base case, but the difference between the two strategies is minimal. Despite an overall

increase in cost from TEK 17 to TEK 97, the difference for the flex strategy is the most

significant, where its average price per kWh increases from NOK 1.83 for TEK 17 to NOK

1.94 for TEK 97. This suggests that it is more difficult to achieve the same efficiency level

when using smart heating in a TEK 97 house compared to a TEK 17 house.

Constant Night Night/day Flex

NOK/kWh
TEK 17 1.97 2.01 1.99 1.83

TEK 97 2.04 2.06 2.03 1.94

Table 6.5: NOK/kWh for TEK 17 and TEK 97

Relative Savings in Cost

The results show that it is more beneficial for a modern, well-insulated house to shift

electricity consumption to periods with lower prices than it is for an older house with

poorer insulation. Table 6.6 displays the relative savings between all strategies for TEK

17 and TEK 97. While the relative savings between flex and night/day is 4.12 percent for

the TEK17 demo house, it decreases to 2.42 percent for the TEK 97 demo house. This

indicates that the two strategies align towards the same level of effectiveness. Since the

flex strategy is more complex and costly to implement than the night/day strategy, the

savings from a flex strategy may be perceived as minimal for a TEK 97 house.
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The savings for the night, night/day and flex relative to constant increases significantly

from TEK 17 to TEK 97. This suggests that lowering the temperature during certain

periods can effectively save energy costs in older homes with higher heat loss. However,

with the new variable tariff cost and better house insulation, the savings of night lowering

relative to constant temperature in a TEK 17 house are negligible at 0.88 percent.

TEK 17 Constant Night Night/day Flex TEK 97 Constant Night Night/day Flex

Constant - 0.89% 3.63% 8.08% Constant - 3.34% 7.36% 10.02%

Night -0.88% - 2.72% 7.13% Night -3.23% - 3.89% 6.47%

Night/day -3.50% -2.65% - 4.29% Night/day -6.85% -3.74% - 2.48%

Flex -7.48% -6.65% -4.12% - Flex -9.11% -6.07% -2.42% -

Table 6.6: Relative savings between the vertical and horizontal strategy for TEK 17 and
TEK 97

When studying the monthly relative savings between the flex and the night/day strategy,

it appears that the savings vary with temperature. This is confirmed by running the

model with the same electricity price for all days to exclude the potential effect of price

fluctuations throughout the year. Figure 6.7 illustrates the relative savings between the

two strategies for TEK 17 and TEK 97, along with the monthly average temperature.

The performance of the flex strategy relative to night/day is significantly better during

the summer season and minimal during the heating season for TEK 17 and TEK 97. This

is because the heat loss is higher during the heating season, making it less profitable to

store heat and shift consumption. Additionally, the monthly savings for the flex strategy

are significantly higher for TEK 17 compared to TEK 97. Overall, the smart behaviour of

the flex strategy appears to be more effective when the heat loss is low, whether it is due

to a warmer climate or better insulation.

52 6.2 Scenario Analysis

The savings for the night, night/day and flex relative to constant increases significantly

from T E K 17 to T E K 97. This suggests that lowering the temperature during certain

periods can effectively save energy costs in older homes with higher heat loss. However,

with the new variable tariff cost and better house insulation, the savings of night lowering

relative to constant temperature in a TEK 17 house are negligible at 0.88 percent.

T E K 17 Constant Night Night/day Flex T E K 97 Constant Night Night/day Flex

Constant 0.89% 3.63% 8.08% Constant 3.34% 7.36% 10.02%

Night -0.88% 2.72% 7.13% Night -3.23% 3.89% 6.47%

Night/day -3.50% -2.65% 4.29% Night/day -6.85% -3.74% 2.48%

Flex -7.48% -6.65% -4.12% Flex -9.11% -6.07% -2.42%

Table 6.6: Relative savings between the vertical and horizontal strategy for TEK 17 and
TEK 97

When studying the monthly relative savings between the flex and the night/day strategy,

it appears that the savings vary with temperature. This is confirmed by running the

model with the same electricity price for all days to exclude the potential effect of price

fluctuations throughout the year. Figure 6.7 illustrates the relative savings between the

two strategies for T E K 17 and T E K 97, along with the monthly average temperature.

The performance of the flex strategy relative to night/ day is significantly better during

the summer season and minimal during the heating season for TEK 17 and TEK 97. This

is because the heat loss is higher during the heating season, making it less profitable to

store heat and shift consumption. Additionally, the monthly savings for the flex strategy

are significantly higher for TEK 17 compared to TEK 97. Overall, the smart behaviour of

the flex strategy appears to be more effective when the heat loss is low, whether it is due

to a warmer climate or better insulation.



6.2 Scenario Analysis 53

Figure 6.7: Relative monthly savings between strategy flex and strategy night/day for
TEK 17 and TEK 97

Absolute Savings in Cost

When looking at the absolute savings in cost, the results differ from the relative savings

because the TEK 97 demo house has a significantly higher kWh usage. Table 6.7 displays

the absolute savings for TEK 17 and TEK 97. Although the percentage relative saving

between flex and night/day is better for a TEK 17 house, the potential saving in absolute

terms is higher for a TEK 97 house. This is because the energy consumption is higher for

a house with poorer insulation, which increases the kWh usage and absolute savings. For

temperature-lowering strategies, the absolute values enhance the effect of temperature

lowering for an older house, leading to a considerable decrease in cost compared to the

constant strategy.

TEK 17 Constant Night Night/day Flex TEK 97 Constant Night Night/day Flex

Constant - 195 405 933 Constant - 932 1,977 2,628

Night (106) - 210 738 Night (932) - 1,045 1,696

Night/day (422) (316) - 528 Night/day (1,977) (1,045) - 651

Flex (900) (794) (478) - Flex (2,628) (1,696) (651) -

Table 6.7: Absolute savings in cost for TEK 17 and TEK 97
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Figure 6. 7: Relative monthly savings between strategy flex and strategy night/ day for
TEK 17 and TEK 97

Absolute Savings in Cost

When looking at the absolute savings in cost, the results differ from the relative savings

because the TEK 97 demo house has a significantly higher kWh usage. Table 6.7 displays

the absolute savings for TEK 17 and TEK 97. Although the percentage relative saving

between flex and night/day is better for a TEK 17 house, the potential saving in absolute

terms is higher for a TEK 97 house. This is because the energy consumption is higher for

a house with poorer insulation, which increases the kWh usage and absolute savings. For

temperature-lowering strategies, the absolute values enhance the effect of temperature

lowering for an older house, leading to a considerable decrease in cost compared to the

constant strategy.

T E K 17 Constant Night Night/day Flex T E K 97 Constant Night Night/day Flex

Constant 195 405 933 Constant 932 1,977 2,628

Night (106) 210 738 Night (932) 1,045 1,696

Night/day (422) (316) 528 Night/day (1,977) (1,045) 651

Flex (900) (794) (478) Flex (2,628) (1,696) (651)

Table 6. 7: Absolute savings in cost for TEK 17 and TEK 97
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kWh usage

In the same way as the performance in terms of cost for the flex strategy relative to the

other strategies decreases from the TEK 17 to the TEK 97 house, the relative use of kWh

also decreases. Table 6.8 summarise the relative savings in kWh consumption between

the different strategies for TEK17 and TEK97. The poor ability of the TEK 97 house to

store heat prevents the flex strategy from fully utilising its potential, resulting in reduced

kWh consumption relative to the other strategies compared to the TEK 17 house.

Flex, night and night/day, all including temperature lowering, use less kWh relative to the

constant strategy for the TEK 17 and the TEK 97 house. This corresponds with NVE’s

recommendation of night lowering as an energy efficiency measure. As the quality of a

building’s envelope decreases, the heat loss per degree Kelvin difference between indoors

and outdoors increases. Therefore, the savings from lowering the temperature are greater

in older houses with higher heat loss, leading to a significant relative reduction of kWh for

the temperature-lowering strategies from TEK 17 to TEK 97. These findings suggest that

temperature lowering is a particularly relevant energy efficiency measure for older houses

with poor insulation.

TEK 17 Constant Night Night/day Flex TEK 97 Constant Night Night/day Flex

Constant - 3.23% 4.68% 0.76% Constant - 4.54% 7.21% 4.98%

Night -3.13% - 1.40% -2.39% Night -4.34% - 2.55% 0.42%

Night/day -4.47% -1.38% - -3.74% Night/day -6.72% -2.49% - -2.08%

Flex -0.76% 2.45% 3.88% - Flex -4.74% -0.42% 2.12% -

Table 6.8: Relative kWh savings for TEK 17 and TEK 97

Temperature lowering as a measure of energy efficiency does not consider grid load. When

looking at the hourly average total power consumption for the different strategies, which

is illustrated in Figure 6.8, it is clear that the night and night/day strategies impose a

significant load on the grid in the morning and afternoon. This applies particularly to TEK

97, which requires a larger dimensioned heating system. Subsequently, the recommended

measure of night lowering should be updated as the building envelope for houses improves

and the focus on evenly distributed grid load remains. Furthermore, Figure 6.8 illustrates

how the behaviour of the flex strategy moves towards the night/day strategy for the TEK

97 house when imposing a significant load on the grid in the morning and afternoon.
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Figure 6.8: Average heating patterns for all strategies TEK 97 vs TEK 17

Conclusively, the scenario analysis shows that the flex strategy is less effective in an older

house with a larger heat loss than in a TEK 17 house. However, still more effective

than the non-smart strategies. On the other hand, the night-lowering strategies are more

beneficial in a TEK 97 house than in a TEK 17 house, but the kWh consumption is not

distributed sustainably, with high consumption in peak hours. Despite the higher kWh

consumption of the flex strategy and its heating behaviour moving towards the night/day

strategy behaviour, the imposed grid load is still relatively well distributed in a TEK 97

house.

6.2.2 Scenario 2: Future change in volatility

The fluctuation of energy prices is crucial in determining the profitability of shifting

electricity consumption. The degree of price fluctuation, or volatility, is expected to

increase as the electricity grid becomes more reliant on renewable energy sources (Birkelund

et al., 2021). In this scenario, we will investigate how changes in price volatility throughout

the day will impact the performance of different heating strategies. Because predicting

future electricity prices is difficult, we will examine three situations retrospectively with

historical price and consumption patterns.
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Figure 6.8: Average heating patterns for all strategies TEK 97 vs TEK 17
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increase as the electricity grid becomes more reliant on renewable energy sources (Birkelund

et al., 2021). In this scenario, we will investigate how changes in price volatility throughout

the day will impact the performance of different heating strategies. Because predicting

future electricity prices is difficult, we will examine three situations retrospectively with

historical price and consumption patterns.
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1. Low volatile market - consumer flexibility and improved technology for storage can

help reduce price volatility within a day.

2. High volatile market – increased fluctuations within a day.

3. Extreme volatile market - even more extreme fluctuations within a day, pushing

prices to record highs and lows. On some days, prices can even become close to 0 or

negative.

6.2.2.1 Data Adjustments

The only adjustment made to the model is the price of electricity, while all other data is

kept the same as in the base case to study the effect of the price fluctuation in insulation.

The price of electricity has the following adjustments for future markets compared to the

base case market:

1. Low volatile market – all fluctuations are decreased by 10 %

2. High volatile market – all fluctuations are increased by 20 %

3. Extreme volatile market – all fluctuations are increased by 40 %

This means that all prices above that day’s average are increased by the respective

percentage rate, while the same rate reduces all values below the average. The price

variation for an arbitrarily selected day is illustrated in Figure 6.9. The price fluctuates

around the average price according to its level of volatility.
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Figure 6.9: Price variations for an arbitrarily selected day

6.2.2.2 Results

Total cost

The smart behaviour of the flex strategy appears to be an effective way to reduce electricity

costs in more volatile market conditions. This is because it significantly decreases annual

costs by adapting consumption to times when electricity prices are lower. The total annual

costs for the various strategies in the different volatility markets are summarised in Table

6.9. The reduction in annual cost for the flex strategy is significant, with a 10 percent

decrease in electricity cost from the base case to the more volatile market and a further

11 percent decrease in cost to the extremely volatile market. This is in contrast to the

non-smart strategies, which do not show significant changes in cost and stay around the

same cost level, regardless of the price volatility.
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6.2.2.2 Results

Total cost

The smart behaviour of the flex strategy appears to be an effective way to reduce electricity

costs in more volatile market conditions. This is because it significantly decreases annual

costs by adapting consumption to times when electricity prices are lower. The total annual

costs for the various strategies in the different volatility markets are summarised in Table

6.9. The reduction in annual cost for the flex strategy is significant, with a 10 percent

decrease in electricity cost from the base case to the more volatile market and a further

11 percent decrease in cost to the extremely volatile market. This is in contrast to the

non-smart strategies, which do not show significant changes in cost and stay around the

same cost level, regardless of the price volatility.
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Constant Night Night/day Flex

Low volatile 12 026 11 845 11 694 11 195

Base case 12 042 11 847 11 637 11 109

High volatile 12 073 11 849 11 522 10 068

Extreme volatile 12 105 11 852 11 407 8 647

Table 6.9: Total cost for the different volatility markets

The flex strategy is designed to adapt to market changes and fluctuating electricity prices.

This means that, even as prices and price volatility vary over time, the flex strategy will

always strive to optimise heating by minimising costs. While the exact savings achieved

by the flex strategy may vary depending on market conditions, it is designed to adapt and

provide the greatest benefits regardless of the level of volatility. Overall, the flex strategy

offers a flexible and effective way to save electricity costs in volatile market conditions.

kWh usage

The increased electricity consumption of the flex strategy in times of higher price volatility

is a necessary trade-off for its significant cost savings. The total electricity consumption for

each volatility market is shown in Table 6.10. By storing heat during times of low prices

and releasing it during times of high prices, the flex strategy is able to take advantage of

the price difference and save costs. However, heat loss and kilowatt consumption increase

with increased volatility for the smart flex strategy. In contrast, the non-smart strategies

have strict heating constraints and cannot adapt to price fluctuations and therefore do

not show changes in electricity consumption with varying volatility. Overall, the smart

behaviour of the flex strategy is an effective way to minimise electricity costs in volatile

market conditions.

Constant Night Night/day Flex

Low volatile 6121.33 5895.65 5831.24 6089.58

Base case 6121.33 5895.65 5831.24 6062.75

High volatile 6121.33 5895.65 5831.24 6346.39

Extreme volatile 6121.33 5895.65 5831.24 6466.82

Table 6.10: Total electricity consumption for the different volatility markets
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The increased kWh usage of the flex strategy in times of higher volatility is not only

beneficial in terms of cost savings, but also in terms of grid load management. By

consuming more electricity when prices are low, and the grid load is minimal, the flex

strategy helps to distribute its grid demand more evenly and avoid imposing extra load

in peak demand periods. Figure 6.10 shows the average hourly consumption pattern for

the flex strategy in different volatility markets, with the constant strategy added as a

reference point. It shows that the flex strategy adapts its consumption to the market’s

price fluctuations and grid load, consuming even more during low-demand periods and

less during high-demand periods as volatility increases. This helps to optimise the use of

the grid and improve its overall efficiency.

The similarity in behaviour between the high and the extremely high volatility market

scenarios suggests that the flex strategy already fully utilises the cheapest hours of the day

in the high volatility market. This can be explained by the limitations of the dimensional

power requirement, limiting the strategies’ electricity consumption. Thus, the difference

in cost savings between the high and extreme volatility markets is mainly due to the even

lower prices in the extreme volatility market, allowing for even greater savings.

Figure 6.10: Average heating patterns for different volatility markets
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While the flex strategy can provide significant cost savings in more volatile electricity

markets, it is important to consider its potential negative impact on indoor climate and

comfort. The flex strategy involves heating up the ovens explosively in specific periods

in order to avoid heating later in the day when prices are higher. This can result in

temperatures above the preferred indoor temperature, which can be uncomfortable for

occupants. Additionally, as price fluctuations intensify, the flex strategy may require more

electricity during times when the indoor temperature is already above the preferred level,

causing further discomfort. Therefore, it is important to carefully consider the potential

trade-offs between cost savings and indoor climate comfort when implementing the flex

strategy.

6.3 Summary of the Analysis

All things considered, the base case analysis found that the flex strategy’s smart behaviour

benefits consumers and society. Results from the retrospective analysis reveal that smart

heating has the lowest cost, as it can instantly adapt to power price variations while

respecting all strategy constraints. Despite its relatively high kWh usage, it distributes its

consumption evenly, thereby contributing to sustainable utilisation of the electricity grid.

The base case analysis also found that the night and night/day strategies have lower kWh

usage than the flex strategy, but can negatively impact the electricity grid with its high

consumption peaks. Because these two strategies involve lowering the temperature in

the morning and afternoon, they require a high effect to raise the temperature again,

which imposes an additional strain on the local electricity grid. This increases the risk of

high investment costs for the grid operator, who must upgrade the power grid to handle

higher demand. Also, the new network tariff can result in higher fixed tariff costs for

these strategies, potentially making the flex and the constant strategies more cost-effective

as they do not require larger dimensional power requirements of the house. According

to the base case analysis, implementing night and day lowering strategies in modern,

well-insulated buildings does not offer any significant benefits compared to the smart flex

strategy.
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Findings from the first scenario analysis revealed that the construction standard of a

house is important for the smart flex strategy to utilise its potential. Homes with higher

heat loss are less able to store energy for later use, making it less profitable to use a smart

heating strategy. Additionally, the benefits of temperature lowering in terms of cost and

kWh usage are more significant for older homes with higher heat loss. This strengthens the

argument that temperature lowering may be less relevant for new, well-insulated homes

than smart heating, as new houses are more suited to retain heat.

The analysis of the second scenario shows that greater volatility in electricity prices leads

to more extreme behaviour of the flex strategy, with larger cost savings and higher kWh

consumption. In contrast, the non-smart heating strategies are almost unaffected by

changes in price volatility. While the flex strategy’s ability to distribute consumption

and reduce grid load can offset its high kWh usage, extreme behaviour is a factor that

also may negatively impact the indoor climate. As prices fluctuate and the flex strategy

adapts its consumption accordingly, temperatures can rise too high in specific periods,

impacting the comfort of occupants. Therefore, it is important to consider the potential

trade-offs between cost savings and indoor climate comfort when implementing a smart

flex strategy in extremely volatile market conditions.
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7 Discussion

This part of the thesis discusses the limitations of the data, assumptions, and the validity

of the results. Furthermore, we will propose and discuss future work related to this field

of study.

7.1 Limitations and validity of results

The validity of the results obtained in this thesis must be carefully considered in light of

the limitations and assumptions of the data and model used. In order to provide a more

thorough understanding of these limitations and assumptions, a detailed discussion with

justification for each assumption and its potential impact on the results is included in this

section. In addition, we will discuss how the model could be refined and expanded to include

more complex components and factors to provide a more accurate and comprehensive

representation of the optimisation problem.

7.1.1 Limitations of the Formulated Heating Strategies

The heating strategies discussed are designed to reflect typical heating patterns, but a few

simplifications are made to avoid excessive complexity. Firstly, the strategies assume fixed

home and away patterns and do not allow for variation in occupancy patterns. Secondly,

temperature requirements are fixed, so the model does not account for various personal

preferences for indoor temperature. Thirdly, wood-firing or other alternative heating

sources are not included. Lastly, all strategies rely on human interaction or technology

to accomplish their objectives. For instance, the flex strategy uses smart technology to

optimise heating based on hourly power prices and automatic thermostats.

Regarding the assumption of fixed home and away patterns, the Constant Strategy is

required to keep the indoor temperature at 21 degrees, regardless of occupants being away.

Thus, in real life, they may wish to adjust or turn off indoor temperature when going

away for longer periods. This simplification is added to remove the complexity imposed

by the individual behaviour of different households. Moreover, the night, night/day and

flex strategies are formulated around the fixed occupancy patterns where residents are

away every day between 9 a.m. and 4 p.m. This means that the model cannot capture
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heat demand variations based on real-life occupancy patterns. These assumptions are

based on Standard Norway’s NS 3031 (Standard Norge, 2020).

The model follows power prices and climate data for the western part of Norway, making

the obtained results only valid for this region. To broaden the validity of the results,

it would be better to be able to include more data from a wider range of regions and

climates. This would allow the model to be tested and validated in various conditions,

making it more applicable to a wider range of locations simultaneously. However, the

model can be easily customised with different input data, so users can test it for different

regions. By incorporating these changes, the results obtained could become more robust,

and be used to achieve more evidence to support the conclusion.

7.1.2 Justification of Important Parameters and Simplifications

The demo house has been modelled to reflect a typical Norwegian private family house.

Even though the geometry of the demo house is determined based on standardisations,

the results obtained are only valid for this specific house. Accordingly, any adjustments

made to the house will cause different results, limiting the types of houses for which the

results will be valid. However, obtained results will provide insight into interesting aspects

of each heating strategy in terms of cost and kWh consumption.

The optimal indoor temperature of 21 degrees is a fixed parameter and is only subject

to change at certain hours when running temperature-lowering strategies. This implies

that results are only valid for houses keeping the same indoor temperature. Even a

one-degree change in indoor temperature will affect heat loss and change the demand

for heat. However, this parameter is chosen based on reliable Norwegian standardised

values, only limited by not capturing variations in different households’ preferred indoor

temperatures.

Parameters concerning the indoor heat supply are also subject to variation, and the

optimisation model is limited by being unable to capture this. The amount of heat

supplied by lighting and people varies with the effect of light bulbs and residents’ body

weight and metabolism. These variations are complicated to capture accurately, thus, the

respective parameters have been simplified and set to reliable, standardised values used

by construction engineers. Equipment and heated water generally do not provide enough
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Even though the geometry of the demo house is determined based on standardisations,

the results obtained are only valid for this specific house. Accordingly, any adjustments

made to the house will cause different results, limiting the types of houses for which the

results will be valid. However, obtained results will provide insight into interesting aspects

of each heating strategy in terms of cost and kWh consumption.

The optimal indoor temperature of 21 degrees is a fixed parameter and is only subject

to change at certain hours when running temperature-lowering strategies. This implies

that results are only valid for houses keeping the same indoor temperature. Even a

one-degree change in indoor temperature will affect heat loss and change the demand

for heat. However, this parameter is chosen based on reliable Norwegian standardised

values, only limited by not capturing variations in different households' preferred indoor

temperatures.

Parameters concerning the indoor heat supply are also subject to variation, and the

optimisation model is limited by being unable to capture this. The amount of heat

supplied by lighting and people varies with the effect of light bulbs and residents' body

weight and metabolism. These variations are complicated to capture accurately, thus, the

respective parameters have been simplified and set to reliable, standardised values used

by construction engineers. Equipment and heated water generally do not provide enough
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heat to private households to be considered relevant in an optimisation problem. As a

result, they are not included in the model.

The model assumes that heat supplied by either natural or electrical sources equally affects

the temperature of all surfaces in the demo house. This simplification implies that there is

no temperature differentiation between rooms. However, in reality, an equal temperature

and heat supply distribution are unlikely due to variations in sun exposure on the house

surfaces and internal heat supply. Even though the model accounts for variations in sun

irradiance from different directions outside the house, it assumes that all heat provided is

instantly and equally distributed throughout the house. Thus, the model sees the house

as a unit to avoid excessive complexity.

The network tariff rates are determined locally, meaning that the model’s tariff rates are

only valid for Bergen and its surrounding municipalities. The fixed component of the

tariff is based on the total electricity consumption consumed simultaneously. As a result,

there is a high level of uncertainty regarding electricity consumption unrelated to heating.

To address this, the fixed component of the network tariff is omitted when calculating the

electricity cost for the different strategies. However, possible impacts on the fixed tariff

are discussed in section 6.

Despite formulating the model with some assumptions and simplifications, the model

provides insight and interesting aspects of the different heating strategies. Furthermore,

with the scenario analysis, the model also provides us with insights into how the objectives

of each strategy may change when adjusting different parameters.

7.2 Further Work

While writing this thesis, we encountered many interesting topics related to smart heating,

heat production, consumption, and energy efficiency. However, as we could not cover

everything in this thesis, we would like to present our proposals for further research.

Firstly, an interesting problem to study is the potential cost savings and grid preservation

benefits of incorporating other heating sources into the heating strategies. These could

include wood firing, solar panels, heat pumps, waterborne underfloor heating, or district

heating. In more detail, it would be interesting to study how the performance of the flex
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strategy is affected when including other heating sources in the energy mix. In addition,

it would be interesting to look at future scenarios of cost development for new heating

methods.

Another interesting problem to explore is how the power demand in houses will change

when the new technical building requirement TEK 20 is officially introduced. It is

reasonable to expect the new regulations to require more energy-efficient measures in

new buildings. Consequently, an interesting question to study is how the improvements

will affect the impact on the electricity grid and the heating cost. Furthermore, another

exciting aspect is how the TEK 20 regulation will affect the performance of smart heating

compared to non-smart heating strategies. Overall, these proposals are areas that caught

our interest while working on this thesis and could be relevant topics for further work.
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8 Conclusion

This study aims to analyse the performance of smart heating compared to traditional

heating practices in terms of costs and electricity consumption to gain insight into whether

smart technology can benefit consumers and society. In addition, two different scenario

analyses are carried out to study how other building requirements and changes in future

price volatility will affect the performance of the heating strategies.

Findings from the base case analysis reveal that smart heating benefits Norwegian

consumers and society in terms of cost. The flex strategy is the most cost-effective,

with a total cost of NOK 11 141, due to its ability to adapt to price variations and utilise

the house’s heat storage capabilities. The non-smart night and night/day strategies have

lower total electricity consumption at 5 848 kWh and 5 923 kWh compared to 6 075 kWh

for the flex strategy. However, the night and night/day strategies increase the risk of grid

congestion with an unsustainable distribution of grid load. In contrast, the flex strategy

avoids this by distributing its consumption when the grid load is low. Findings from the

first scenario analysis reveal that the smart behaviour of the flex strategy will be less

effective in a TEK 97 house because of large heat loss, reducing its ability to push heating.

Moreover, the second scenario analysis indicates that the flex strategy is superior when

price volatility increases.

Overall, smart house heating performs better than non-smart strategies in terms of cost

and is, therefore, beneficial for consumers and society. Despite the larger electricity

consumption of the flex strategy, its constant adaption to power prices enables it to

distribute the consumption sustainably. Thus, by combining strict building requirements

and smart heating technology, Norwegian households can save costs and contribute to

sustainable electricity utilisation through their heating behaviour.

Smart heating - the smart way to heat
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Appendix

A1 Solar irradiance in Bergen

Figure A1.1: Average hourly solar irradiance in Bergen

A2 AMPL Data file

Due to the amount of data, only an extract of the AMPL data file is shown below.
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Appendix

Al Solar irradiance in Bergen

Solar lrradiance in Bergen
Hourly average from 2005 to 2020
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Soruce: EU Photovoltaic Geographical lntormation System

F i g u r e A l . l : Average hourly solar irradiance in Bergen

A2 A M P L D a t a file

Due to the amount of data, only an extract of the AMPL data file is shown below.

#II SETS #II
set D:• 1 2 3 4 5 6 7 e 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
set H:• 0 l 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24; #hours
set s : North East south west; #directions 1n the sky

1111PAIWIETER5 1111
param G__peop:
l 0. 276
2 0. 276
3 0. 276
4 0. 276
5 0. 276
6 0. 276
7 0. 276
8 0. 276
9 0
10 0
11 0
12 0
13 0
14 0
15 0
16 0. 276
17 0. 276
18 0. 276
19 0. 276
20 0. 276
21 0. 276
22 0, 276
23 0, 276
24 0. 276
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parnm G_l i g h t : =
l 0
2 0
3 0
4 0
5 0
6 0
7 0. 3128
8 0. 3128
9 0
10 0
11 0
12 0
l3 0
14 0
15 0
16 0. 3128
17 0. 3128
18 0. 3128
19 0. 3128
20 0. 3128
21 0. 3128
22 0. 3128
23 0
24 0

paran tariff_var:
l 39.90
2 39.90
3 39.90
4 39.90
5 39.90
6 49.90
7 49.90
8 49.90
9 49.90
10 49.90
11 49.90
12 49.90
13 49.90
14 49.90
15 49.90
16 49.90
17 49.90
18 49.90
19 49.90
20 49.90
21 49.90
22 39.90
23 39.90
24 39.90

p,arat1 area_w:=
North 9. 25
cast 9 .25
South 9. 25
West 9 .25

paran ternp_out: #outside ttt'lperature
0 l 2 3 4 S 6 7 8 9 10 11 12 13 14 IS 16 17 18 19 20 21 22 23 24:

l 13 .1 B . l 14.1 1 4 . 4 1 2 . 2 11.5 1 1 . S 12 .1 1 2 . 7 1 2 . 8 1 3 . 7 13 1 4 . 3 1 4 . 6 14 .1 14 14 .1 13 .1 12 .8
2 1 1 . 3 11 .3 1 1 . 2 l i . l 1 0 . 9 11.2 1 1 . 3 1 1 . 4 1 1 . 4 1 1 . 9 1 1 . 3 12 .6 1 2 . 4 1 1 . S 12 .S 12 .6 13 .1 1 2 . 6
3 13 1 4 , 2 1 4 , l 1 4 . 3 1 4 . 4 1 S , l 1 3 . 2 1 6 . l 1 4 . l 14 1 2 . 8 1 2 , 9 1 3 . 4 14 1 3 , 9 14 .3 1 4 , 5 1 3 . 7 13 .3 1 3 . 2
4 11 . 7 10 .8 1 1 . 6 1 2 . 6 1 2 . 6 12.5 12 . 7 1 2 . 4 11 .9 1 2 . 3 1 1 . 9 1 2 . 4 1 1 . 9 1 2 . 9 12 .8 12 .8 1 2 . 9 10 .9
5 1 0 . 2 1 0 . 4 1 0 . 5 1 0 . 6 1 0 . 7 10.5 1 0 . 5 1 0 . 7 11 .1 1 1 . 4 1 2 . 3 1 3 . 4 1 3 . 6 1 3 . 5 13 .1 12 .2 12 .1 1 1 . 7
6 7 . 6 7 . 4 7 7 . 1 7 6 . 8 7 . 2 7 . 4 7 .8 9 . 1 10 1 2 . 2 11 .7 13 14 14 13 .1 1 2 . 4 11 .6 1 1 . S 1 0 . 9 10 .6 10 .3 9 . 2 8 . 9
7 8 . 9 8 8 7 .8 7 , 6 8 . 2 8 , 8 9 , 4 1 0 , l I l . I 1 1 , 3 1 1 , 6 12 .1 12 1 2 . 2 12,1 1 2 , 2 1 2 , 2 1 2 . 2 1 2 , 5 1 2 . 4 12 .9 1 3 , 3
8 14 1 3 . 1 1 2 . 8 12 .8 13 1 3 . 2 13 .4 U . 4 1 3 . 7 13 .8 1 4 . 2 1 4 . 5 14 .8 1 4 . 8 1 4 . 9 14 .9 14 ,8 1 4 . 7 1 4 . 7
9 1 4 . 7 14 .6 1 4 . 4 1 4 . 2 14 1 3 . 9 13 .8 13 .8 1 3 . 8 1 3 . 6 13 .9 14 .6 1 4 . 8 1 4 . 7 14 .5 1 4 . 5 1 4 . 3 1 4 . 3 1 4 . 1
10 12 12 12 .1 12.1 12 1 2 . 1 12 .1 12 1 1 . 5 11 .1 11 . s 1 2 . 5 1 J . 1 1 3 . 3 1 2 . 8 1 1 . 9 12 10 9 . 9 9 . a 9 . a 9 . 5 9 . 3 9 . 3
11 9 . 6 9 , 4 9 , 4 8 . 9 8 , 9 8 , 3 8 , 2 8 , 1 8 7 , 3 7 , 6 7 . 6 8 , 2 6 , 9 6 , 6 6 , 8 5 , 7 S . 7 5 , 4 5 , 6 S . S 5 , 5 5 , 5 5 , 4 5 , 3
12 5 . 3 5 . 1 4 . 5 4 3 . 3 3 . 3 3 . 4 4 . 2 4 . 1 6 . 2 7 . 7 9 . 2 1 0 . 2 1 0 . 5 11 .5 l i . l 9 . 4 7 . 9 7 .1 7 . 1 5 . 6 5 . 6 5 . 7 5 . 1 4 . 6
13 4 . 6 4 . 6 3 . 5 4 J . B 4 4 . 7 S . 3 6 . 1 6 . 7 6 . 4 6 . 6 6 . 7 6 . 6 6 . 9 7 . 3 7 . 5 7 .8 8 9 . 3 1 1 . 2 1 1 . 2 1 1 . 4 1 1 . 7 11 .8
14 n . a l l , 9 u . s 1 1 , 4 1 0 , 9 Il 1 1 , 7 11 .7 1 1 , 6 1 1 . s 11 .6 11 ,7 1 1 , 7 1 1 . 6 11 .6 1 1 , 5 1 1 , 7 11 .8 1 0 , 3
15 8 . 9 8 , 7 9 , 1 8 . 9 9 , 1 8 , 5 7 , 7 7 , 6 7 , 5 7 7 , 3 7 . 2 8 , 1 7 , 2 8 , 1 8 , 2 8 , 2 7 . 5 6 , 3 6 , 4 6 . S 6 , 8 7 , 2 7 , 3 7 , 4
16 7 . 4 7 . 7 7 . 7 7 .8 7 . 3 7 . 2 7 6 . 9 6 . 8 7 . 1 6 . 9 7 . 5 7 . 8 8 . 5 8 . 5 8 . 6 7 . 3 6 . 4 6 . 2 6 . 3 5 . 9 5 . 6 5 . 6 5 . 4 5
17 S 4 . 6 4 . 2 4 . 2 J . S J . J 3 . 6 a . i 2 .5 3 .8 S . 3 6 . 2 7 . 4 7 . 2 9 9 . 1 6 . 3 S .5 4 . 9 4 . 4 3 . 7 4 . 2 3 2 . 3 1 . 6
18 1 . 6 1 . 2 0 . 5 0 . 4 0 . 2 0 0 . 1 0 . 3 0 . 7 1 . 8 3 4 . 5 6 . 5 7 . 1 8 . 1 7 . 8 8 . 4 8 8 . 2 7 6 . 2 5 . 8 5 . 8 6 . 3 9 . 2
19 9 . 2 9 . 7 1 0 . 4 1 0 . 9 9 . 6 9 . 6 9 . 7 10 iB 1 0 . 2 1 0 . 4 1 0 . 8 11 .1 11 .5 11 .6 1 1 . 9 1 2 . 2 1 1 . 7 1 1 . S 1 1 . 7 12 11 .9
20 1 2 . 2 12 .1 1 2 . 2 12 .1 1 2 . 4 12.5 1 2 . 5 1 2 . 4 12 .5 1 2 . 6 1 2 . 4 12 1 1 . 3 1 1 . 3 10 .8 1 0 . 7 10 .8 1 0 . 4 9 . 4
21 S .7 S . 6 4 . 9 3 . 9 4 .1 4 . 4 4 .9 S 5 . 2 4 . 5 4 . 9 5 .1 s . s 6 . 3 6 . 1 S . 7 5 . 8 4 . 6 S . 3 5 . 2 5 5 . 2 4 . 9 4 . 4 3 . 3
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paran temp_grnund:
l 9 .8
2 9 .8
3 9 .8
4 9 .8
5 9 .8
6 9 .8
7 9 .8
8 9 .8
9 9 .8
10 9 .8
11 9 .8
12 9 .8
13 9 .8
14 9 .8
15 9 .8
16 9 .8
17 9 .8
18 9 .8
19 9 .8
20 9 .8
21 9 .8
22 9 .8
23 9 .8
24 9 .8
25 9 .8
26 9 .8
27 9 .8
28 9 .8
29 9 .8
30 9 .8
31 9 .8
32 6
33 6
34 6

parom e\_price:
l 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 : •

l 88.984 70.548 59.364 47.454 57.464 68.25 89.699 92.631 95.317 94.622 89.444 84.306 68.893 56.688 87.136 89.189 89.699 90.394
2 89.393 91.657 94. 798 94.435 94.144 94.234 94.516 95.613 98.462 103.585 104. 763 103.072 97.646 89.211 88.265 85.064 88. 758 95.261
3 13,485 34,428 23,636 18.28 20,242 20,452 20,533 1 , 9 0 2 1 ,842 35.049 57.353 66.053 65.382 65.842 66,233 69.586 85,274 91,38
4 76.504 73.331 72 .63 69.647 88.187 93.553 90.059 91. 751 95.975 98.328 95. 785 95.455 95.315 93.232 93.132 93.403 94.073 94.494
5 93.894 91.934 91.194 90.945 91.294 91.964 93.954 96.444 98.173 97.863 97.763 97.083 96.864 95.604 95.454 95.564 96.034 95.444
6 92.292 91,121 76.303 61.941 87.885 92.976 104,608 105.958 111. 169 111.854 112.419 112.092 111.089 108.638 109,263 109,591 109.67 111.04
7 114.978 114.302 113.914 113.755 114.302 115.386 121.492 1 2 1 . 6 1 1 1 2 2 . 8 3 4 124.416 123.63 120.856 118.528 116.221 114.61 117.295 119.493 128.592
8 119.502 118.606 116.834 116.307 116.307 118.964 119.382 122.11 126.36 125.155 125.633 123.244 122.936 119.303 117.322 115.899 116.914 121.602
9 114.859 111.763 109.814 109.339 109.22 109.487 110.14 111.703 114.553 119.351 116.71 109.042 101.681 95.705 97.99 105.015 114.018 124.11
10 110,432 107.405 104,477 104,368 104,368 104.713 106.636 108 ,44 109.86 111.112 111,773 109,426 102.633 93.345 94,419 101,982 110,55 114,297
11 1 0 8 . 3 9 1 1 0 6 . 2 1 2 103.934 102.534 101.479 103.826 108 .401113 .134 117.896 115 .421111 .349 108.174 105.867 103 .451100 .493 102 .771105 .029 108.894
12 98.228 96 .07 92.853 94.486 98.158 102.89 110.709 123.705 138.473 137.434 129.614 122.616 123.181 118.222 117.559 115.896 118.004 119.845
13 114.102 111.399 l l 0 . 3 1 4 108.568 108.36 108.548 128.417 135.451 151.205 150.831 150.298 139.811 136.891 139.742 142,169 127.716 127.479 133.251
14 98,66 97 ,023 94 ,5 94,49 94,953 97,595 105,62 112,146 115,182 113,191 109,77 106,142 103,51 99,38 97,487 96,885 95,633 97,171
15 74.763 73.423 69.578 68.561 72.572 73.169 84.184 88.039 91.59 90.68 85.251 84.361 82.854 77.551 83.441 84.869 86.836 92.412
16 91.896 92 .56 92.033 92.306 92.618 92.628 92.482 94.316 94.043 95.038 92.804 92.404 91.214 89. 779 90.082 92.648 98.131 104.551
17 101,651 101. 288 98. 854 102. 122 105. 007 108. 03 106.862 108.904 110,337 110. 671 112,791 113.183 110,837 104. 546 99.531 104,595 106.44 109. 944
18 108,757 108,629 103,673 104,674 109,051 111,652 120,534 138,122 140,282 143,756 161.4B1 130.908 125,599 122,546 123,763 123,685 122,164 129,112
19 102.963 100.454 96.451 91.559 94.273 102.827 129.61 189.572 222.995 213.035 202.998 188.683 188.693 178.529 172.026 158. 785 159.244 169.809
20 85.835 64.062 38.904 10,088 10.05 61.679 88.948 99.61 103. 745 98.618 90. 777 88.918 88.568 89.152 89.026 88.364 88.666 91.302
21 86,895 80 ,69 54,545 18,946 29,365 51,92 86,924 96.378 108,592 103,909 90,485 87,841 87,646 87,49 87,334 87,275 87,334 87,422
22 79.628 80.248 78.495 75.035 77.002 81.469 87.254 100 .141102 .127 92.796 86.266 85.161 84.308 84.434 84.221 82.506 84.425 85.035
23 76.217 75.528 75.635 78.847 79.807 82.175 85.066 87.735 91.635 97.797 100.154 100.901 98.65 99.213 101.299 103.133 109.547 128.71
24 100.348 96.832 88.692 88.673 84,379 82.971 78 .93 80.815 87.983 83.476 82.932 82,476 78.911 77.648 71,043 79,173 85.934 93.568
25 79,416 79.474 81 .32 79,591 83,661 89,566 93,112 99,833 112,218 111.625 105,399 102,067 99,493 98.843 99,047 103.107 111.635 118,434
26 82. 175 82.302 83.089 85.207 87.179 89.958 99.605 108.019 113.615 111. 731 109.865 106. 708 106.892 101.821 99.605 97.847 99.401 105.697
27 76 .2 l l 73.078 67.531 65.542 63.021 66.008 78.083 81.836 83.397 82.641 83.349 84 .92 83.417 82.389 82.078 81.855 81.836 82.088
28 75,98 74,032 68,294 66.823 67,047 66.141 76,184 78,542 80,704 78,678 78,357 78,094 77,694 77,548 77,694 77,967 78,659 83.821
29 68.368 68.368 69.804 65.614 70.048 75.126 75.956 84.433 90.868 87.841 85.526 84.003 80.243 76.63 75.761 76.249 77.147 84.735
30 68.122 68.18 68.882 66.085 66.407 73.09 74.903 77.572 81.732 82.999 85.415 84.772 76.686 74.318 67.722 67.732 73.11 71.239
31 60,164 61.512 69,455 57.457 59 .0 l l 54,106 55.064 57.145 61,463 71,253 6 5 . 4 65,312 62,04 56.471 56,49 63,485 70.344 77,31
32 59,704 52.123 44,19 22,178 20,527 42,031 58,649 73,568 84,256 81,189 78,346 74,066 74,692 76,177 77,095 82,322 82,908 89,034
33 72.126 72.594 73 .94 79.907 82.803 86.245 88.419 88.878 92.836 89.853 90.311 90.486 92.583 94.855 94.319 95.245 96.659 96.269
34 84.063 83.278 82.993 83.062 83.278 85.613 88.665 97.427 103.521 98 . )24 98.085 96.662 96.927 99.508 99.557 100. 724 106.553 117.17
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Figure A2.1: Extract of the AMPL data file

A3 AMPL Model file

A3.1 General model
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p,ara11 sun :
(North,*;•):
l 0
2 0
3 0
4 0
5 0
6 0
7 0
8 0
9 0
10 0
11 0
12 0
13 0
14 0
15 0
16 0
17 0
18 0
19 0
20 0
21 0
22 0
23 0
24 0
25 0
26 0
27 0
28 0
29 0
30 0
31 0
32 0
33 0
34 0
35 0
36 0

l 2
0
0
0
0
0
0
0
0

5 6
0. 0008
0. 0008
0, 0008
0, 0008
0, 0008
0. 0008
0. 0008
0. 0008
0. 0008
0. 0008
0. 0008
0. 0008
0. 0008
0. 0008
0. 0008
0. 0008
0. 0008
0. 0008
0. 0008
0. 0008
0, 0008
0, 0008
0, 0008
0, 0008
0, 0008
0, 0008
0, 0008
0, 0008
0, 0008
0, 0008
0. 0008
0 0
0 0
0 0
0 0
0 0

7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 : •
0,15983 0.41365 0.46681 0.49171 0.439H 0,44684 0.32097 0.10852 0,07084 0.01596 0
0.15983 0.41365 0.46681 0.49l71 0.43912 0.44684 0.32097 0,10852 0.07084 0.01596 0
0,15983 0,41365 0,46681 0,49l7l 0,43912 0.44684 0,32097 0,10852 0,07084 0,01596 0
0,15983 0,41365 0,46681 0,49l7l 0,43912 0,44684 0,32097 0,10852 0,07084 0,01596 0
0,15983 0,41365 0,46681 0,49171 0,43912 0,44684 0,32097 0,10852 0,07084 0,01596 0
0.15983 0.41365 0.46681 0.49171 0.43912 0.44684 0,32097 0.10852 0.07084 0.01596 0
0.15983 0.41365 0.46681 0.49171 0.43912 0.44684 0.32097 0.10852 0.07084 0.01596 0
0.15983 0.41365 0.46681 0.49171 0.43912 0.44684 0.32097 0.10852 0.07084 0.01596 0
0.15983 0.41365 0.46681 0.49171 0.43912 0.44684 0.32097 0.10852 0.07084 0.01596 0
0.15983 0.41365 0.46681 0.49171 0.43912 0.44684 0.32097 0.10852 0.07084 0.01596 0
0.15983 0.41365 0.46681 0.49171 0.43912 0.44684 0.32097 0.10852 0.07084 0.01596 0
0.15983 0.41365 0.46681 0.49171 0.43912 0.44684 0.32097 0.10852 0.07084 0.01596 0
0.15983 0.41365 0.46681 0.49171 0.43912 0.44684 0.32097 0.10852 0.07084 0.01596 0
0.15983 0.41365 0.46681 0.49171 0.43912 0.44684 0.32097 0.10852 0.07084 0.01596 0
0.15983 0.41365 0.46681 0.49171 0.43912 0.44684 0.32097 0.10852 0.07084 0.01596 0
0.15983 0.41365 0.46681 0.49171 0.43912 0.44684 0.32097 0.10852 0.07084 0.01596 0
0.15983 0.41365 0.46681 0.49171 0.43912 0.44684 0.32097 0.10852 0.07084 0.01596 0
0.15983 0.4136S 0.46681 0,49171 0.43912 0.44684 0.32097 0.10852 0.07084 0.01596 0
0.15983 0.4136S 0.46681 0,49171 0.43912 0.44684 0.32097 0.10852 0.07084 0.01596 0
0.15983 0.4136S 0.46681 0,49171 0.43912 0.44684 0.32097 0.10852 0.07084 0.01596 0
0,15983 0,4136S 0,46681 0,49171 0,43912 0,44684 0.32097 0,10852 0,07084 0,01596 0
0,15983 0,41365 0,46681 0,49171 0,43912 0,44684 0,32097 0,10852 0,07084 0,01596 0
0,15983 0,41365 0,46681 0,49171 0,43912 0,44684 0,32097 0,10852 0,07084 0,01596 0
0,15983 0,41365 0,46681 0,49171 0,43912 0,44684 0,3 ,097 0,1085, 0,07084 0,01596 0
0,15983 0,41365 0,46681 0,49171 0,43912 0,44684 0,32097 0,10852 0,07084 0,01596 0
0,15983 0,41365 0,46681 0,49171 0,43912 0,44684 0,32097 0,10852 0,07084 0,01596 0
0,15983 0,41365 0,46681 0,49171 0,43912 0,44684 0,32097 0,10852 0,07084 0,01596 0
0,15983 0,41365 0,46681 0,49171 0,43912 0,44684 0,32097 0,10852 0,07084 0,01596 0
0,15983 0,41365 0,46681 0,49171 0,4391, 0,44684 0 ,3 '097 0,10852 0,07084 0,01596 0
0-15983 0,41365 0,46681 0,49171 0,4391, 0,44684 0,32097 0,1085, 0.07084 0,01596 Ø
0.15983 Ø.41365 0.46681 0 , 4 9 V l 0.43912 0.44684 0,32097 0,10852 0.07084 0.01596 0
0.03776 0.21025 0.27962 0,27569 0.23362 0.06708 0.03004 0.00088 0 0 0 0 0
0.03776 0.21025 0.27952 0.27559 0.23362 0.05708 0.03004 0.00088 0 0 0 0 0
0.03775 0.21025 0.27952 0.27559 0.23352 0.05708 0.03004 0.00088 0 0 0 0 0
0.03775 0.21025 0.27952 0.27569 0.23352 0.05708 0.03004 0.00088 0 0 0 0 0
0.03775 0.21025 0.27952 0.27569 0.23352 0.05708 0.03004 0.00088 0 0 0 0 0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Figure A2.1: Extract of the AMPL data file

A3

A3. l

A M P L Model file

Genera l model

## SETS ##
set D; #set of days
set H; #set of haurs
set S; #set of d i r e c t i o n s in t h e sky

## PARAMETERS ##
### HEAT LOSS
#TEK17
param H_out = 78.66; #heat t r a n s f e r c o e f f i c i e n t to outdoors [W/K]
param H_ground = 9 .2 ; #heat t r a n s f e r c o e f f i c i e n t to ground [W/K]
param H_inf = 5. 74; #heat t r a n s f e r c o e f f i c i e n t to i n f i l t r a t i o n [W/K]
param H_vent = 14. 586; #heat t r a n s f e r c o e f f i c i e n t to v e n t i l a t i o n [W/K]

### HEAT GAIN
#sun
param g_glass = 0. 53;
param g_shading = 0.18;
param sun{S,D,H}>= 0;
param area_w{S}>= 0;
# in te rna l load
param G_l ight {h in H: h>0}>= 0;
param G_peop {h in H: h>0}>= 0;

#g-va lue f o r g lass on l y TEK 17
#g-val u e f o r shading only
#so lar r a d i a t i o n on day d in hour
#window area per d i r e c t i o n s [m2]

h f o r d i r e c t i o n s [W/m2]

#heat ga in f r o m l i g h t s in hour h [kWh]
#heat ga in f r o m people in hour h [kWh]

### TEMPERATURE
param temp_start = 21;
param temp_goal = 21;
param temp_out {D, H};
param temp_ground {D} ;
param norm_cap = 5.152;

### ELECTRIC USE
param e l _ p r i c e {D,H} ;
param t a r i f f _ v a r { H } >= 0;
param el_des ign = 3.353;

## BIG M
param M = 10000;

# i n i t i a l indoor temperature ['Cl
#indoor temperature goal ['Cl
#outdoor temperature on day d in hour h ['Cl
#ground temperature on day d ['Cl
#normal ised heat capac i t y [kWh/K]

# p r i c e of e l e c t r i c i t y on day d in hour h [NOK]
# v a r i a b l e network t a r i f f in hour h [NOK]
#dimensional power requirement TEK 17 [kWh/h]

#Big M
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## DECISION VARIABLES ##
### HEAT LOSS
var l o s s _ t o t a l { d in D, h in H}; # to ta l heat l o s s on day d in hour h [kWh]

### HEAT GAIN
var g_tota l {s in S, d in D, h in H: h>0}>= 0;
var z{s in S, d in D, h in H: h>Ø} binary;
var G_sun {d in D, h in H}>= 0;

var supply_tota l {d in D, h in H}>=0;

### TEMPERATURE
var temp_dif f {d in D, h in H:h>0};
var temp_diff_ground {d in D, h in H: h>0};
var temp_in {d in D, h in H};

### ELECTRIC USE
var el_use {d in D, h in H: h>0} >= 0;
var el_use_total >= 0;
var e l_cos t {d in D, h in H: h>0};

# to ta l g -va lue f o r windows on day d in hour h f o r d i r e c t i o n s
#l if Sun shading on is on f o r d i r e c t i o n s on day d in hour h, 0 otherwise
#heat ga in f r om t h e sun on day d in hour h f o r d i r e c t i o n s [kW hl

# to ta l heat ga in on day d in hour h [kW hl

#the temperature d i f f e r e n c e between indoor and outdoors on day d in hour h ['Cl
# the temperature d i f f e r e n c e between indoor and ground on day d in hour h ['Cl
# the indoor temperature on day d in hour h ['Cl

# e l e c t r i c use [kWh]
# to ta l e l e c t r i c use [kWh]
# to ta l cost f o r e l e c t r i c i t y

### OBJECTIVE FUNCTION ###
minimize total_cost:

sum{d in D, in H: h>0} #the o b j e c t i v e f u n c t i o n aims to minimize t h e t o t a l cost of e l e c t r i c i t y
e l_use[d ,h ] * ( e l _ p r i c e [ d , h ] + t a r i f f _ v a r [ h ] ) ;

### CONSTRAINTS ####
### HEAT LOSS
# t o t a l heat l o s s #ensures that t o t a l heat l o s s is adjusted according to t h e d i f f e r e n c e between indoor
loss_tota l_const {d in D, h in H: h>0}: #and outdoor temperatures. The same adjustment app l i es f o r heat l o s s to the ground.

l o s s _ t o t a l [ d , h ] (((H_out + H_inf + H_vent) * t e m p _ d i f f [ d , h ] ) + (H_ground * temp_di f f_ground[d ,h ] ) ) /1000

### HEAT GAIN
# heat ga in f r o m sun
shading_bin_l {s in S, d in D, h in H: h>0}:

M* z [ s , d , h ] >= sun[s ,d ,h ] -150

shading_bin_2 {s in S, d in D, h in H: h>0}:
150 * z [ s , d , h ] <= sun [s ,d ,h ]

g_total_const {s in S, d in D, h in H: h>0}:
g _ t o t a l [ s , d , h ] = g_glass - ( (g_glass - g_glass * g_shading) * z [ s , d , h ] )

#these c o n s t r a i n t s ensure that t h e t o t a l g -va lue of t h e windows on l y inc ludes e x t r a shading
# i f t h e so lar i r r a d i a n c e f o r a s p e c i f i c d i r e c t i o n is more than 150W/m2 per hour.
#Otherwise, the t o t a l g-value w i l l only include the regular g-value f o r g l a s s .

#ensures that t h e r i gh t amount of sun ga in is ca l cu la ted f o r each hour of t h e day
gain_sun_const {d in D, h in H: h>0}: #by ad jus t i ng f o r g-va lue and the area of t h e windows.

G_sun[d,h] = sum{s in S} ( g _ t o t a l [ s , d , h ] * area_w[s] * s u n [ s , d , h ] ) / 1000

# t o t al heat ga in
supply_total_const {d in D, h in H: h>0}: #The t o t a l heat supply must equal the sum of heat ga in f r o m sun, l i g h t i n g , and people

supp l y_ to ta l [ d , h ] = G_sun[d,h] + G _ l i g h t [ h ] + G_peop[h]

### ELECTRIC USE
el_use_design_const{d in D, h in H: h>0}:

e l_use [d, h] <: e l_des ign #kWh consumption per hour is l e s s or equal to the designed power requirement
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Figure A3.1: General model

A3.2 Strategy Constant

Figure A3.2: Mod file stratgey constant
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TEMPERATURE CONSTRAINTS
_di f f_const {d in D, h in H:h>0}:
temp_diff [d, hl = temp_in [d, h - l i - temp_out [d, h - l ]

# the d i f f e rence between indoor and outdoor temperature equals the
#d i f fe rence between the indoor and outdoor temperature f o r the las t hour.

_diff_ground_const {d in D, h in H: h>Ø}: #temperature di f ference between indoor and ground equals the indoor
temp_diff_ground[d,h] = temp_in[d,h-1] - temp_ground[d] #d i f fe rence between the indoor and ground temperature f o r the las t hour.

sh i f t_const {d in D, h in H: d>l and h=0 }: #indoor temperature f o r hour 0 equals the indoor temperature f o r hour 24 the day before
temp_in[d,h] = temp_in [d- l ,h+24]

_start_const {d in D, h in H: d=l and h=0}:
temp_in[d,h]:temp_start # i n i t i a l indoor temperature f o r day 0 hour 0 equals the s tar t value

_in_const {d in D, h in H: h>0}:
temp_in [d, hl = temp_in [d, h - l i + ( supply_total [d, hl - l oss_ to ta l [d, hl +el_use [d, hl ) / n orm_cap;
#The indoor temperature equals the indoor temperature the hour before p lus the sum of net kwh p lus el_use converted to temperature

Figure A3.1: General model

A3.2 Stra tegy Constant

### STRATEGY CONSTANT ###
# var iab les
var x { d in D,h in H: h>Ø}, binary; #l if e l e c t r i c i t y can turn on, 0 if power cannot turn on
var net_kwh{d in D,h in H: h>0}; #kWh that must be added to reach the desired temperature on day d in hour h

# canst raints
net kwh_const{d in D, h in H: h>0}:

net_kwh[d,h] = l o s s _ t o t a l [ d , h ] - supp ly_ to ta l [d ,h ] + (temp_goal-temp_in[d,h-1] l* norm_cap
# ca lcu la tes the kWh surplus or d e f i c i t to reach the goal temperature before any e l e c t r i c i t y is added

binary_net_kWh_l{d in D, h in H: h>0}:
net_kwh[d,h]>= --M*( l -x [d,h] I

binary_net_kWh_2{d in D, h in H: h>0}:
net_kwh[d,h]<= M*x[d,h]

# these two constraints set the binary variable x_dh equal to l if we need to add kWh in order to reach the desired temperature,
# and equal to 0 if the desired temperature w i l l be reached without adding any e l e c t r i c i t y

El use_const_l{d in D, h in H:h>0}:
e l_use[d,h] <= x [ d , h l * M

El_use_const_2{d in D, h in H:h>0}:
e l_use[d,h] >= - x [ d , h ) * M

El_use_const_3{d in D, h in H:h>0}:
e l_use[d,h] <= net_kwh[d ,h ]+( l -x [d ,h ] )*M

El_use_const_4{d in D, h in H:h>0}:
e l_use[d,h] >= net_kwh[d,h ] - (1-x [d ,h) )*M

# these four constraints ensure that e l e c t r i c use equals the exact kWh needed to reach the desired indoor temperature.

Figure A3.2: Mod file stratgey constant
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A3.3 Strategy Night

Figure A3.3: Mod file strategy night
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A3.3 Strategy Night

### STRATEGY NIGHT ###
#parameters
paran temp_goal_night 19; #indoor temperature goal du r i ng night [ '(]

#var iab les
var x {d in D, h in H: h>0}, binary; #l if power can t u r n on, 0 if power cannot t u r n on
var net_kwh{d in D, h in H: h>0}; #kWh that must be added to reach t h e des i red temperature on day d in hour h
var l{D,H} binary; #l if designed power requirement is exceeded to reach the desired temperature on day d in hour h

#constraints
net_kwh_const_night{d in D, h in H:h>0 and h<6 or h>22}:

net_kwh[d,h] = l o s s _ t o t a l [ d , h ] - supp ly_ to ta l [d ,h ] + (temp_goal_night- temp_in[d,h-1]) * norm_cap
#calculates the kWh surplus or d e f i c i t to reach the goal temperature during night before any e l e c t r i c i t y is added

net_kwh_const_day{d in D, h in H: h>05 and h<23}:
net_kwh[d,h] = l o s s _ t o t a l [ d , h ] - supp ly_ to ta l [d ,h ] + (temp_goal-temp_in[d,h-11) * norm_cap

#calculates the kWh surplus or d e f i c i t to reach the goal temperature during day before any e l e c t r i c i t y is added

binary_net_kWh_l{d in D, h in H: h>0}:
net_kwh[d,h] >= - M * ( l - x [ d , h ] )

binary_net_kWh_2{d in D, h in H: h>0}:
net_kwh[d,h] <= M*x[d,h]

#these two cons t ra in t s set the b inary v a r i a b l e x_dh equal to l if we need to add kWh in order to reach the des i red temperature,
#and equal to 0 if the des ired temperature w i l l be reached without adding any e l e c t r i c i t y

binary_net_kWh_3{d in D, h in H: h>0}:
net_kwh[d,h]-el_design >= - M * ( l - l [ d , h ] )

binary_net_kWh_4{d in D, h in H: h>0}:
net_kwh[d,h]-el_design <= M * l [ d , h ]

#these two cons t ra in t s c a l c u l a t e whether the dimensional power requirement of the house is exceeded when aiming to
#reach the goal temperature.

El_use_const_l{d in D, h in H:h>0}:
e l_use[d,h ] <= x [ d , h ] * M

El_use_const_2{d in D, h in H:h>0}:
e l_use[d,h ] >= - x [ d , h ] * M

El_use_const_S{d in D, h in H:h>0}:
e l_use[d,h ] <= el_design + ( 1 - l [ d , h ] ) * M

El_use_const_6{d in D, h in H: h>0}:
e l_use[d,h ] >= el_design - ( 1 - l [ d , h ] ) * M

El_use_const_7{d in D, h in H:h>0}:
e l_use[d,h ] <= net_kwh[d,h] + ( 1 - x [ d , h ] ) * M + el_design * l [ d , h ] * M

El_use_const_B{d in D, h in H:h>0}:
e l_use[d,h ] >= net_kwh[d,h] - ( 1 - x [ d , h ] ) * M -e l_des ign * l [ d , h ] * M

#the constra ints ensure that that power consumption equals the kWh needed to reach the desired indoor temperature without
# v i o l a t i n g the designed power requirement

Figure A3.3: Mod file strategy night
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A3.4 Strategy Night/Day

Figure A3.4: Mod file strategy night/day

A3 AMPL Model file 79

A 3 . 4 Strategy Night / D a y

### STRATEGY NIGHT/DAY ###
#parameters
param temp_goal_night = 19; #indoor temperature goal dur ing night [ '(]

# v a r i a b l e s
var x { d in D,h in H: h>0} , binary; #l if power can t u r n on, 0 if power cannot t u r n on
var net_kwh{d in D, h in H: h>0}; #kWh that must be added to reach the des i red temperature on day d in hour h
var l {D ,H} binary; #l if designed power requirement is exceeded to reach the desi red temperature on day d in hour h

#cons t ra in ts
net_kwh_const_night{d in D, h in H: h>0 and h<6 or h>B and h<l5 or h>22}:

net_kwh[d,h] = l o s s _ t o t a l [ d , h ] - supp ly_ to ta l [d ,h ] + (temp_goal_night- temp_in[d,h-1]) * norm_cap
# c a l c u l a t e s the kWh surp lus or d e f i c i t to reach t h e goal temperature dur ing night before any e l e c t r i c i t y is added

net_kwh_const_day{d in D, h in H: h>5 and h<9 or h>l4 and h<23}:
net_kwh[d,h] = l o s s _ t o t a l [ d , h ] - supp ly_ to ta l [d ,h ] + (temp_goal-temp_in[d,h-1]) * norm_cap

#ca lcu la tes the kWh surp lus or d e f i c i t to reach the goal temperature dur ing day before any e l e c t r i c i t y is added

binary_net_kWh_l{d in D, h in H: h>0}:
net_kwh[d,h] >= - M * ( l - x [ d , h ] )

binary_net_kWh_2{d in D, h in H: h>0}:
net_kwh[d,h] <= M*X[d,h]

#these two c o n s t r a i n t s se t t h e b ina ry v a r i a b l e x_dh equal to l if we need to add kWh in orde r to reach t h e d e s i r e d temperature ,
#and equal to 0 if the desi red temperature w i l l be reached without adding any e l e c t r i c i t y

binary_net_kWh_3{d in D, h in H: h>0}:
net_kwh[d,h]-el_design >= - M * ( l - l [ d , h ] )

binary_net_kWh_4{d in D, h in H: h>0}:
net_kwh[d,h]-el_design <= M * l [ d , h ]

#these two cons t ra in ts ca l cu la te whether the dimensional power requirement of the house is exceeded when aiming to
#reach t h e goal temperature.

El_use_const_l{d in D, h in H:h>0}:
e l_use[d,h ] <= x [ d , h l * M

El_use_const_2{d in D, h in H:h>0}:
e l_use[d,h ] >= - x [ d , h l * M

El_use_const_S{d in D, h in H:h>0}:
e l_use[d,h ] <= el_design + ( 1 - l l d , h ] ) * M

El_use_const_6{d in D, h in H:h>0}:
e l_use[d,h ] >= el_design - ( 1 - l l d , h ] )*M

El_use_const_7{d in D, h in H:h>0}:
e l_use[d,h ] <= net_kwh[d,h] + ( 1 - x [ d , h ] ) * M + el_design * l [ d , h ] * M

El_use_const_B{d in D, h in H:h>0}:
e l_use[d,h ] >= net_kwh[d,h] - ( 1 - x [ d , h ] ) * M -e l_des ign * l [ d , h ] * M

# the c o n s t r a i n t s ensure tha t tha t power consumption equa ls t h e kWh needed to reach t h e d e s i r e d indoor temperature wi thou t
# v i o l a t i n g t h e designed power requirement

Figure A3.4: Mod file strategy night/day
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A3.5 Strategy Flex

Figure A3.5: Mod file strategy flex

80 A3 AMPL Model file

A3.5 Strategy Flex

### STRATEGY FLEX ###
#constraint
temp_in_min_const{d in D, h in H: h>6 and h<9 or h>l5 and h<23}:

temp_in [d, hl >=temp_goal

Figure A3.5: Mod file strategy flex
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A4 Output values for strategy Flex

1 2 3 4 5 6 7 8 9 10 11 12
93 0.00 0.00 0.81 3.35 3.35 3.35 3.35 1.63 0.00 0.00 0.00 0.00
94 0.00 0.00 0.00 3.35 3.35 2.14 0.00 0.81 0.00 0.00 0.00 0.00
95 0.00 0.00 0.00 0.22 3.35 0.00 3.35 0.89 0.00 0.00 0.00 0.00
96 0.00 0.00 3.35 3.35 3.35 2.49 0.00 0.00 0.00 0.00 0.00 0.00
97 0.00 0.00 3.35 3.35 3.35 3.35 0.00 0.00 0.00 0.00 0.00 0.00
98 3.35 3.35 3.35 3.35 3.35 1.34 0.00 1.87 0.00 0.00 0.00 0.70
99 0.00 1.75 3.35 3.35 3.35 3.35 0.00 0.00 0.00 0.00 0.00 0.00
100 0.00 0.00 3.21 3.35 3.35 0.00 3.35 1.36 0.00 0.00 0.00 0.00
101 0.00 0.00 3.35 3.35 3.35 3.35 3.35 3.35 3.35 3.35 0.55 0.00
102 0.28 3.35 3.35 3.35 3.35 3.35 0.00 0.00 0.00 0.00 0.00 0.00
103 0.00 0.00 3.35 3.35 3.35 0.00 3.07 0.00 0.00 0.00 0.00 0.00
104 0.00 0.00 0.78 3.35 3.35 0.00 3.35 0.96 0.00 0.00 0.00 0.00
105 0.00 0.00 0.00 3.35 3.35 0.27 3.35 0.00 0.00 0.00 0.00 0.00
106 0.00 2.59 3.35 3.35 3.35 0.00 0.00 0.00 0.00 0.00 0.00 0.00
107 0.00 0.00 3.35 3.35 3.35 1.84 3.35 1.34 0.00 0.00 0.00 0.00
108 0.00 0.00 0.00 3.35 3.35 1.84 3.35 1.14 0.00 0.00 0.00 0.00
109 0.00 0.00 3.35 3.35 3.35 1.06 3.35 1.47 0.00 0.00 0.00 0.00
110 0.00 1.50 3.35 3.35 3.35 3.35 0.00 0.00 0.00 0.00 0.00 0.00
111 0.00 0.00 0.00 3.35 3.35 0.67 3.35 0.96 0.00 0.00 0.00 0.00
112 0.00 0.16 3.35 3.35 3.35 3.35 3.35 1.75 0.00 0.00 0.00 0.32
113 0.00 0.59 3.35 3.35 3.35 3.35 3.35 0.00 0.00 0.00 0.00 0.00
114 0.00 0.00 3.35 3.35 3.35 0.06 3.35 0.00 0.00 0.00 0.00 0.00
115 0.00 0.00 0.00 3.35 3.35 0.29 3.35 0.92 0.00 0.00 0.00 0.00
116 0.00 0.00 0.94 3.35 3.35 0.00 3.35 0.97 0.00 0.00 0.00 0.00
117 0.00 1.60 3.35 3.35 3.35 3.35 3.35 0.00 0.00 0.00 0.00 0.00
118 0.00 0.00 0.00 3.35 3.35 1.48 3.35 1.12 0.00 0.00 0.00 0.00
119 0.00 0.00 3.35 3.35 3.35 2.71 0.00 0.00 0.00 0.00 0.00 0.00
120 0.00 3.35 3.35 3.35 3.35 0.00 2.26 0.00 0.00 0.00 0.00 0.00
121 0.00 0.00 0.00 3.35 3.35 3.35 3.35 3.35 0.00 0.00 0.00 0.00
122 0.00 3.24 3.35 3.35 3.35 0.00 0.00 1.24 0.00 0.00 0.00 0.00
123 0.00 3.35 3.35 3.35 3.35 3.35 1.09 0.00 0.00 0.00 0.00 0.00

13 14 15 16 17 18 19 20 21 22 23 24
93 3.35 3.35 2.29 3.35 0.00 0.00 0.00 0.74 0.78 0.76 0.00 0.00
94 0.00 3.35 3.35 3.35 0.46 0.00 0.00 0.89 0.92 0.91 3.35 0.00
95 3.35 3.35 3.35 0.41 2.95 0.00 1.46 1.51 1.51 1.48 0.00 3.35
96 1.17 3.35 3.35 3.35 2.67 0.00 1.29 1.38 1.41 1.41 0.00 3.27
97 1.73 3.35 3.35 3.35 2.83 0.00 1.40 1.55 1.63 1.50 0.00 0.00
98 3.35 3.35 3.35 3.35 1.50 1.48 1.41 1.39 1.35 1.34 0.00 0.00
99 0.13 3.35 3.35 3.35 1.18 1.18 1.21 1.14 1.13 1.11 0.00 0.00
100 1.70 3.35 3.35 3.35 1.37 1.36 1.41 1.34 1.28 1.32 0.00 0.00
101 0.00 0.00 3.35 3.35 0.00 0.00 0.00 0.00 1.32 1.34 0.00 0.00
102 0.72 3.35 3.35 3.35 1.14 1.07 1.04 2.14 0.00 1.07 0.00 0.00
103 0.00 2.73 3.35 3.35 2.11 0.00 1.05 1.07 1.07 1.08 0.00 0.00
104 0.00 0.53 3.35 3.35 0.78 0.77 0.76 0.78 0.81 0.82 0.00 0.00
105 0.00 0.62 3.35 3.35 0.78 0.78 0.75 0.72 0.71 0.69 0.00 0.00
106 0.03 3.35 3.35 3.35 1.24 1.34 1.35 1.41 1.49 1.50 0.00 0.00
107 1.38 3.35 3.35 3.35 1.25 1.25 1.23 1.21 1.18 1.17 0.00 0.00
108 0.13 3.35 3.35 3.35 1.34 1.25 1.10 1.15 1.27 1.21 0.00 0.00
109 3.35 3.35 3.35 3.35 0.80 0.00 1.34 1.39 1.39 1.38 0.00 0.00
110 0.00 2.46 3.35 3.35 1.02 1.04 1.00 1.05 1.04 1.05 0.00 0.00
111 0.00 3.33 3.35 3.35 1.51 1.62 1.73 1.80 1.70 1.82 0.00 0.00
112 3.35 3.35 3.35 3.35 1.58 1.62 1.59 1.62 1.61 1.62 0.00 0.00
113 1.24 3.35 3.35 3.35 1.27 1.24 1.22 1.22 1.21 1.20 0.00 0.00
114 0.00 2.47 3.35 3.35 0.99 1.00 0.99 0.98 0.96 0.95 0.00 0.00
115 0.00 1.30 3.35 3.35 0.89 0.96 0.98 0.99 0.98 0.97 0.00 0.00
116 0.00 1.99 3.35 3.35 1.12 1.14 1.16 1.17 1.18 1.18 0.00 0.00
117 0.00 0.00 3.35 3.35 1.18 1.17 1.09 1.05 0.97 0.95 0.00 0.00
118 0.00 2.75 3.35 3.35 1.10 1.12 1.10 1.13 1.07 1.13 0.00 0.00
119 0.00 3.03 3.35 3.35 1.11 1.18 1.24 1.25 1.26 1.30 0.00 0.00
120 1.65 3.35 3.35 3.35 1.45 1.45 1.39 1.34 1.33 1.21 0.00 0.00
121 0.00 0.00 0.00 3.17 1.23 1.24 1.34 1.28 1.39 1.23 0.00 0.00
122 1.29 3.35 3.35 3.35 3.35 2.88 0.00 0.00 1.60 1.55 0.00 0.00
123 3.16 3.35 3.35 3.35 1.62 1.65 1.66 1.77 1.74 1.74 0.00 0.00

Table A4.1: Mod file strategy night

A4 Output values for strategy Flex 81

A4 Output values for strategy Flex

l 2 3 4 5 6 7 8 9 10 11 12
93 0.00 0.00 0.81 3.35 3.35 3.35 3.35 1.63 0.00 0.00 0.00 0.00
94 0.00 0.00 0.00 3.35 3.35 2.14 0.00 0.81 0.00 0.00 0.00 0.00
95 0.00 0.00 0.00 0.22 3.35 0.00 3.35 0.89 0.00 0.00 0.00 0.00
96 0.00 0.00 3.35 3.35 3.35 2.49 0.00 0.00 0.00 0.00 0.00 0.00
97 0.00 0.00 3.35 3.35 3.35 3.35 0.00 0.00 0.00 0.00 0.00 0.00
98 3.35 3.35 3.35 3.35 3.35 1.34 0.00 1.87 0.00 0.00 0.00 0.70
99 0.00 1.75 3.35 3.35 3.35 3.35 0.00 0.00 0.00 0.00 0.00 0.00
1 0 0 0.00 0.00 3.21 3.35 3.35 0.00 3.35 1.36 0.00 0.00 0.00 0.00
1 0 1 0.00 0.00 3.35 3.35 3.35 3.35 3.35 3.35 3.35 3.35 0.55 0.00
1 0 2 0.28 3.35 3.35 3.35 3.35 3.35 0.00 0.00 0.00 0.00 0.00 0.00
1 0 3 0.00 0.00 3.35 3.35 3.35 0.00 3.07 0.00 0.00 0.00 0.00 0.00
1 0 4 0.00 0.00 0.78 3.35 3.35 0.00 3.35 0.96 0.00 0.00 0.00 0.00
1 0 5 0.00 0.00 0.00 3.35 3.35 0.27 3.35 0.00 0.00 0.00 0.00 0.00
1 0 6 0.00 2.59 3.35 3.35 3.35 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1 0 7 0.00 0.00 3.35 3.35 3.35 1.84 3.35 1.34 0.00 0.00 0.00 0.00
1 0 8 0.00 0.00 0.00 3.35 3.35 1.84 3.35 1.14 0.00 0.00 0.00 0.00
1 0 9 0.00 0.00 3.35 3.35 3.35 1.06 3.35 1.47 0.00 0.00 0.00 0.00
1 1 0 0.00 1.50 3.35 3.35 3.35 3.35 0.00 0.00 0.00 0.00 0.00 0.00
111 0.00 0.00 0.00 3.35 3.35 0.67 3.35 0.96 0.00 0.00 0.00 0.00
1 1 2 0.00 0.16 3.35 3.35 3.35 3.35 3.35 1.75 0.00 0.00 0.00 0.32
1 1 3 0.00 0.59 3.35 3.35 3.35 3.35 3.35 0.00 0.00 0.00 0.00 0.00
1 1 4 0.00 0.00 3.35 3.35 3.35 0.06 3.35 0.00 0.00 0.00 0.00 0.00
1 1 5 0.00 0.00 0.00 3.35 3.35 0.29 3.35 0.92 0.00 0.00 0.00 0.00
1 1 6 0.00 0.00 0.94 3.35 3.35 0.00 3.35 0.97 0.00 0.00 0.00 0.00
11 7 0.00 1.60 3.35 3.35 3.35 3.35 3.35 0.00 0.00 0.00 0.00 0.00
1 1 8 0.00 0.00 0.00 3.35 3.35 1.48 3.35 1.12 0.00 0.00 0.00 0.00
1 1 9 0.00 0.00 3.35 3.35 3.35 2.71 0.00 0.00 0.00 0.00 0.00 0.00
1 2 0 0.00 3.35 3.35 3.35 3.35 0.00 2.26 0.00 0.00 0.00 0.00 0.00
1 2 1 0.00 0.00 0.00 3.35 3.35 3.35 3.35 3.35 0.00 0.00 0.00 0.00
1 2 2 0.00 3.24 3.35 3.35 3.35 0.00 0.00 1.24 0.00 0.00 0.00 0.00
1 2 3 0.00 3.35 3.35 3.35 3.35 3.35 1.09 0.00 0.00 0.00 0.00 0.00

13 14 15 16 17 18 19 20 21 22
93 3.35 3.35 2.29 3.35 0.00 0.00 0.00 0.74
94 0.00 3.35 3.35 3.35 0.46 0.00 0.00 0.89
95 3.35 3.35 3.35 0.41 2.95 0.00 1.46 1.51
96 1.17 3.35 3.35 3.35 2.67 0.00 1.29 1.38
97 l. 73 3.35 3.35 3.35 2.83 0.00 1.40 1.55
98 3.35 3.35 3.35 3.35 1.50 1.48 1.41 1.39
99 0.13 3.35 3.35 3.35 1.18 1.18 1.21 1.14
1 0 0 1.70 3.35 3.35 3.35 1.37 1.36 1.41 1.34
1 0 1 0.00 0.00 3.35 3.35 0.00 0.00 0.00 0.00
1 0 2 0.72 3.35 3.35 3.35 1.14 1.07 1.04 2.14
1 0 3 0.00 2.73 3.35 3.35 2.11 0.00 1.05 1.07
1 0 4 0.00 0.53 3.35 3.35 0.78 0.77 0.76 0.78
1 0 5 0.00 0.62 3.35 3.35 0.78 0.78 0.75 0.72
1 0 6 0.03 3.35 3.35 3.35 1.24 1.34 1.35 1.41
1 0 7 1.38 3.35 3.35 3.35 1.25 1.25 1.23 1.21
1 0 8 0.13 3.35 3.35 3.35 1.34 1.25 1.10 1.15
1 0 9 3.35 3.35 3.35 3.35 0.80 0.00 1.34 1.39
1 1 0 0.00 2.46 3.35 3.35 1.02 1.04 1.00 1.05
111 0.00 3.33 3.35 3.35 1.51 1.62 1.73 1.80
1 1 2 3.35 3.35 3.35 3.35 1.58 1.62 1.59 1.62
1 1 3 1.24 3.35 3.35 3.35 1.27 1.24 1.22 1.22
1 1 4 0.00 2.47 3.35 3.35 0.99 1.00 0.99 0.98
1 1 5 0.00 1.30 3.35 3.35 0.89 0.96 0.98 0.99
1 1 6 0.00 1.99 3.35 3.35 1.12 1.14 1.16 1.17
1 1 7 0.00 0.00 3.35 3.35 1.18 1.17 1.09 1.05
1 1 8 0.00 2.75 3.35 3.35 1.10 1.12 1.10 1.13
1 1 9 0.00 3.03 3.35 3.35 1.11 1.18 1.24 1.25
1 2 0 1.65 3.35 3.35 3.35 1.45 1.45 1.39 1.34
1 2 1 0.00 0.00 0.00 3.17 1.23 1.24 1.34 1.28
1 2 2 1.29 3.35 3.35 3.35 3.35 2.88 0.00 0.00
1 2 3 3.16 3.35 3.35 3.35 1.62 1.65 1.66 1.77

0.78 0.76
0.92 0.91
1.51 1.48
1.41 1.41
1.63 1.50
1.35 1.34
1.13 1.11
1.28 1.32
1.32 1.34
0.00 1.07
1.07 1.08
0.81 0.82
0.71 0.69
1.49 1.50
1.18 1.17
1.27 1.21
1.39 1.38
1.04 1.05
1.70 1.82
1.61 1.62
1.21 1.20
0.96 0.95
0.98 0.97
1.18 1.18
0.97 0.95
1.07 1.13
1.26 1.30
1.33 1.21
1.39 1.23
1.60 1.55
1.74 1.74

23
0.00
3.35
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

24
0.00
0.00
3.35
3.27
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Table A4.1: Mod file strategy night
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