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ABSTRACT 

It is often assumed that on-going efficiency improvements will eventually lead to a 

‘decoupling’ between our growing activities on this planet and the adverse environmental 

effect of these activities. This thesis first examines this presupposition within the buildings 

sector by taking it to its logical extreme – i.e., reductio ad absurdum. Accordingly, the 

possibility of achieving the sector’s required energy reduction for a 2°C climate change 

trajectory is examined, based on the optimistic scenario that all newly constructed buildings 

worldwide will have state-of-the-art energy efficiency levels – i.e., those of LEED or 

Passivhaus – and that all existing buildings will be retrofitted to current best practices. To 

that end, a novel dynamic building stock model is developed which includes 138 countries 

representing 96% of global buildings energy consumption, and covering the period 2017 to 

2060. The model shows that such scenario is unable to achieve the required reductions. The 

thesis implicates the sector’s growth for this failing, arguing that building energy codes must 

be reverse-engineered from global targets. Subsequently, the model is further developed and 

devises the required energy use intensities (EUIs – kWh/m2•year) for each of the 138 

countries so that the sector’s 2°C and below 2°C targets are met. Lastly, an econometric 

model is developed which envisions a novel and socially progressive tariff structure for each 

country, so that the proposed EUIs are attained in practice and not driven upwards by 

socioeconomic phenomena. The proposed tariff was able to theoretically eliminate the 

rebound effect – in comparison with a rebound of 34-55% under a conventional tariff – 

whilst also eradicating energy poverty within the residential sector. This thesis provides 

important insights for policy makers on the necessary efficiency levels for the transition 

towards a sustainable built environment, as well as the means to ensure that that transition is 

socially-just.   

  



iv 

 

RESEARCH OUTPUTS 

Title Status Awards 

Can Passivhaus save the 

planet? Probably not 

Presented at the 2019 London-

Loughborough (LoLo) Conference, 

Loughborough, UK 

Best Presentation award 

The effectiveness of low-

energy standards in 

meeting the building 

sector's climate target 

Submitted to Energy Policy journal N/A 

  



v 

 

ACKNOWLEDGEMENTS 

I am forever indebted to my mother, father, brother, and sister for their continuous support 

and encouragement.  

I am grateful to my friends RIE, HJ, XP, AC, GM, and ATH for their support and 

camaraderie throughout my PhD journey.  

I would like to thank my supervisors, Dr Tristan Kershaw (first) and Dr Sukumar Natarajan 

(second), for their support and valuable comments on my thesis.  

This PhD was supported by a doctoral studentship under the Engineering and Physical 

Sciences Research Council (EPSRC) “Centre for Decarbonisation of the Built Environment 

(dCarb)” [grant ref EP/L016869/1], and the Royal Academy of Engineering funded 

“Preparing the South African Built Environment for Climate Change Resilience (SABER)” 

project [grant ref IAPP1617\59].  

  



vi 

 

LIST OF ABBREVIATIONS  

3CSEP 
Centre for Climate Change and Sustainable Policy, Central 

European University, Hungary  

ASHRAE 
American Society of Heating, Refrigerating and Air-

Conditioning Engineers  

BCE Before the Common Era 

BEAM Built Environment Assessment Model 

BESTEST Building Energy Simulation Test 

BRE Building Research Establishment, UK 

BREDEM Building Research Establishment Domestic Energy Model 

BSEM Building Stock Energy Model 

CDEM Community Domestic Energy Model 

CE Common Era 

DECM Domestic Energy and Carbon Model 

DOI Digital Object Identifier 

ECCABS Energy, Carbon and Cost Assessment for Building Stocks  

EEP Energy and Environmental Prediction model 

EIA Energy Information Administration, US 

EPI Energy Poverty Instance 

GBAE Global Building stock Annual final Energy consumption 

GBEP 
Global average annual final Building Energy consumption per 

Person 

GBP British pound sterling   

GDP Gross Domestic Product 

GDR Greenhouse Development Rights 

GHG Greenhouse Gas 

IBT Increasing Block Tariff 

IEA International Energy Agency 



vii 

 

IPCC Intergovernmental Panel on Climate Change  

IRENA International Renewable Energy Agency 

ISO International Organization for Standardization  

LEED Leadership in Energy and Environmental Design 

NDC Nationally Determined Contributions 

OECD Organisation for Economic Co-operation and Development  

OFGEM Office of Gas and Electricity Markets, UK  

ONS Office for National Statistics, UK  

PEPH Percentage of Energy-Poor Households 

SAP Standard Assessment Procedure 

SDS Sustainable Development Scenario  

SEI Stockholm Environment Institute 

UAE United Arab Emirates 

UKDCM UK Domestic Carbon Model 

UNEP United Nations Environment Programme 

UNFCC United Nations Framework Convention on Climate Change  

USD United States Dollar  

USGBC United States Green Building Council 

WHO World Health Organisation 

  

  



viii 

 

TABLE OF CONTENTS 

Abstract ................................................................................................................................... iii 

Research outputs ..................................................................................................................... iv 

Acknowledgements .................................................................................................................. v 

List of abbreviations ................................................................................................................ vi 

Chapter 1. Thesis’ introduction .......................................................................................... 1 

1.1. Infinite growth on a finite planet .......................................................... 1 

1.2. Efficiency-first versus sufficiency-first ................................................ 3 

1.3. Buildings .............................................................................................. 5 

1.4. Thesis’ aims and objectives .................................................................. 6 

Chapter 2. The scale of the problem ................................................................................... 8 

2.1. Preamble to journal paper ..................................................................... 8 

2.2. Statement of authorship for journal paper .......................................... 12 

2.3. Manuscript of journal paper ............................................................... 13 

2.3.1. Introduction ........................................................................ 14 

2.3.2. Defining the targets ............................................................ 15 

2.3.3. Methods .............................................................................. 17 

2.3.4. Results ................................................................................ 26 

2.3.5. Conclusion and Policy Implications ................................... 27 

2.3.6. Data statement .................................................................... 28 

2.3.7. Acknowledgements ............................................................ 28 

2.3.8. Author Contributions ......................................................... 29 

2.3.9. Appendix ............................................................................ 29 

Chapter 3. A review of Building Stock Energy Models (BSEMs) ................................... 43 

3.1. Introduction ........................................................................................ 43 

3.2. Modelling the physical attributes ....................................................... 45 



ix 

 

3.2.1. Thermodynamic modelling of buildings .............................45 

3.2.2. Steady-state versus dynamic modelling ..............................46 

3.2.3. Heating Degree Days (HDDs) and Cooling Degree Days 

(CDDs) method ...................................................................................48 

3.2.4. Climatic data .......................................................................49 

3.3. How socioeconomic factors affect buildings’ energy demand ...........51 

3.3.1. Income and consumption: A usually positive correlation ...52 

3.3.2. The rebound effect ..............................................................55 

3.4. How valid are BSEMs? .......................................................................58 

3.5. Predicting the future by inventing it: A way forward .........................59 

3.6. Conclusion ..........................................................................................61 

Chapter 4. A technical pathway for a 2DS and a B2DS compliant global buildings sector

 64 

4.1. Methodology .......................................................................................65 

4.2 .  Results and discussion ........................................................................74 

4.2.1. Newly constructed buildings ..............................................75 

4.2.2. Existing buildings ...............................................................77 

4.2.3. Comparison with Chapter 2’s model ..................................78 

4.3. Model verification ...............................................................................87 

4.4. Comparison with other models ...........................................................90 

4.5. Conclusion ..........................................................................................93 

Chapter 5. Keeping the rebound and energy poverty at bay: A novel tariff structure .......98 

5.1. Restricting energy consumption through penalising lavish lifestyles .98 

5.2. Methodology .....................................................................................106 

5.2.1. Calculating the rebound effect ..........................................108 

5.2.2. Household data .................................................................109 

5.2.3 .  Energy consumption per household ..................................110 

5.2.4. Cost and revenues .............................................................112 



x 

 

5.2.5. Setting the tariffs and block sizes: Conventional tariff versus 

proposed tariff .................................................................................. 114 

5.2.6. Defining energy poverty and determining its extent ........ 117 

5.3. Results and discussion ...................................................................... 119 

5.3.1. Resultant tariffs: Conventional versus proposed tariff ..... 122 

5.3.2. The rebound effect ........................................................... 145 

5.3.3. Energy poverty ................................................................. 147 

5.4. Model verification ............................................................................ 149 

5.5. Conclusion ........................................................................................ 152 

Chapter 6. Thesis’ conclusion and recommendations for future research ...................... 159 

6.1. Research limitations  ........................................................................ 167 

6.2. Contribution to knowledge and prospects for future research .......... 168 

References ............................................................................................................................ 170 

 



 

1 

 

CHAPTER 1. THESIS’ INTRODUCTION  

1.1. Infinite growth on a finite planet 

Climate change is an existential threat to life on this planet. In 2009, a group of scientists 

identified nine boundaries that regulate the stability of the Earth system and which represent 

the limits of a safe operating space for humans (Rockström et al., 2009). These boundaries 

are: Climate Change, Ocean Acidification, Stratospheric Ozone, Global Phosphorus and 

Nitrogen Cycles, Atmospheric Aerosol Loading, Freshwater Use, Land Use Change, 

Biodiversity Loss, and Chemical Pollution. Out of these nine boundaries, four (Climate 

Change, Biodiversity Loss, Global Phosphorous and Nitrogen Cycles, and Land Use 

Change) have now been crossed – indicating that human activities could transform the Earth 

system into a “much less hospitable state” and result in a “deterioration of human well-

being” (Steffen et al., 2015; Stockholm Resilience Centre, 2015). The World Health 

Organization (WHO) estimates that climate change is currently responsible for more than 

150,000 deaths annually, which could increase to 250,000 between the years 2030 and 2050 

(WHO, 2018; WHO, 2021).  

Despite various international agreements reached on climate change (UNFCC, 2020; 2021) 

and improvements achieved in CO2 emissions per unit of Gross Domestic Product (GDP)1, 

global Greenhouse Gas (GHG) emissions grew by 2.2% per year from 2000 to 2010, 

compared with 1.3% per year from 1970 to 2000 (Edenhofer et al., 2014). Population growth 

and economic growth are often cited by international institutions such as the United Nations 

as the reasons for our failure to reduce global GHG emissions (Edenhofer et al., 2014), yet 

the latter is also proposed as a solution by these same institutions (United Nations, 2020a) – 

indicating a somewhat contradictory and ambiguous approach (Fletcher and Rammelt, 2017; 

Hickel, 2019; Wiedmann et al., 2020). This largely stems from the belief that with on-going

 

 

1 Between the years 1990 and 2005, the CO2 emissions per unit of GDP (in Mt CO2 per 1,000 2017 US Dollars 

Purchasing Power Parity) have decreased by an average of 1.17% per year (Crippa et al., 2020). It is worth noting 

that a figure for the GHG emissions per unit of GDP could not be obtained, given that data on the other five 

GHGs (methane, nitrous oxide, hydrofluorocarbons, perfluorocarbons, and sulphur hexafluoride) is currently 

unavailable (Randers, 2012). Nonetheless, CO2 emissions per unit of GDP is an acceptable indicator of GHG 

emissions per unit of GDP, given that CO2 emissions represent 76% of all GHG emissions (Center for Climate 

and Energy Solutions, 2020).  
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technological innovations and the continued rise in efficiency levels, eventually, economic 

growth will be ‘decoupled’ from natural resources consumption and environmental impact – 

the belief that is at the core of many regional and international policies on climate change 

(European Union, 2013; UNEP, 2011; UNEP, 2014).  

However, numerous studies have questioned the possibility of achieving absolute decoupling 

– that is, where the overall resource use has decreased or is static while the economy has 

grown. This is as opposed to relative decoupling, which indicates a reduction in the rate of 

use of resources per unit of economic output (Fletcher and Rammelt, 2017). For example, 

using a mathematical model, Ward et al. (2016) show that growth in GDP cannot be 

decoupled from growth in energy and material consumption, and concluding the 

impossibility of an infinite growth of GDP. When using consumption-based accounting1 – as 

opposed to production-based accounting –  Wiedmann et al. (2015) show that, contrary to 

the belief that developed countries have halved their material consumption per unit of GDP, 

no improvement at all in material efficiency was noted in the past two decades. The United 

Nations Environment Programme (UNEP), the main advocate of the decoupling agenda, 

admits that “in reality [it] is hardly happening” (UNEP, 2014), and that international trade 

has allowed advanced economies to manage the environmental problem by simply 

“exporting it elsewhere”, therefore “impeding rather than promoting decoupling” (UNEP, 

2014).  

In their The Limits to Growth book, Meadows et al. (1972) predict, through a global model, 

that if the current physical, social, and economic order persists, a global collapse will put an 

end to growth before the year 2100. Further evaluations of the model’s results showed that, 

35 years later, our trajectory closely followed the model’s “standard” run – i.e., ‘business as 

usual’ (Ward et al., 2016).  

The above has led many researchers to conclude the impossibility of achieving infinite 

growth on a planet with finite resources, and to propose alternative approaches for 

sustainable development. The concept of a ‘steady-state’ economy is one of these 

approaches, which is where the economy achieves “qualitative improvement without 

quantitative expansion”. This concept was originally proposed by John Stuart Mill (Daly, 

 

 

1 Consumption-based accounting, when used to calculate emissions, includes all emissions that occurred in any 

location worldwide during the production of goods, and are attributed to the goods’ consumer. Production-based 

accounting, on the other hand, and which is used by the United Nations Framework Convention on Climate 

Change (UNFCC) for the Kyoto Protocol, only accounts for emissions that occurred at the point of production of 

goods, regardless of whom the consumer of these goods will be (Lininger, 2013).   
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2007) and later adopted by Jackson (2013), Daly (2014), and Victor (2019). The other 

approach, termed “degrowth”, aims to “[downscale current] energy and resource flows 

through an economy” (Wiedmann et al., 2020), and is advocated by researchers including 

Kallis (2011) and van den Bergh (2017). The necessity of downscaling has become evident 

from recent research, where the top 10 performing countries in the Human Development 

Index (HDI – a metric that assesses a country’s social progress, namely life expectancy, 

education, and Gross National Income per capita) are also among the worst performers with 

regards to environmental impact. These countries, it has been shown, emit and consume at 

least five and three times (respectively) what is considered to be a sustainable level of CO2 

emissions and material footprint (Hickel, 2020).  

1.2. Efficiency-first versus sufficiency-first  

It is often the case that what we perceive to be a solution can be the cause of the problem 

(Bartlett, 1994; Meadows, 2007). Technological innovations, for example, are frequently 

presented as the panacea for environmental degradation (UNEP, 2014; Sachs, 2015; Gray, 

2017; Lee, 2020). Yet it is these innovations that have enabled an explosion in population – 

e.g., the Neolithic Revolution (approximately 7th century BCE) and the Industrial Revolution 

(18th-19th century CE) (Hardin, 1993) – the phenomenon often cited as one of the causes of 

environmental degradation (McGregor et al., 2016). These innovations have also given rise 

to new and extravagant forms of consumption – from private cars to home appliances and air 

conditioning. Moreover, technological advancements have enabled the realisation of 

inherently inefficient designs, which would not have been possible without these very 

advancements. For example, the window-to-wall ratio in buildings has increased remarkably 

due to advancements in glazing and building heating and cooling technologies. In their study 

of tall buildings from the late 1800s to the present day, Oldfield et al. (2009) show that the 

window-to-wall ratio has increased from 20-40% to 50-70%. 

Technological innovations have also given rise to the Khazzoom-Brookes postulate – also 

known as the rebound effect – where efficiency gains achieved in existing services can, 

contrary to intuition, lead to an increased energy consumption as a result of the reduced 

perceived cost of these services (Saunders, 1992) (this is discussed in greater detail in 

Section 3.3.2). As Saunders (1992) explains, energy efficiency gains look “a lot like price 

reductions” to the user. Moreover, as postulated by Jevons (1865), these efficiency gains will 

lead to higher depletion rates of resources and, ultimately, more economic growth and higher 

income levels – in what was later termed the Jevons paradox, the basis of the aforementioned 

Khazzoom-Brookes postulate.  
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The effect of increased economic growth – and consequently higher income levels – on our 

environmental efforts becomes critical when we learn that it results in a higher-than-

proportionate increase in energy demand. That is, the income elasticity of energy demand is 

greater than one – with every 1% increase in income, there is a greater than 1% increase in 

energy demand (Wiedmann et al., 2020). This could explain, to an extent, the current 

‘environmental inequality’ where the world’s richest 10% are responsible for 25-43% of the 

global environmental impact (Wiedmann et al., 2020).  

Therefore, within the current socioeconomic order of a free market with little regulation, the 

above will create a positive feedback cycle that is detrimental to the environment, whereby 

efficiency gains will lead to economic growth, which in turn leads to increased affluence, 

more individual choices and, ultimately, greater energy consumption. 

A relatively less ‘radical’ solution to climate change – compared with the aforementioned 

degrowth and steady-state economy proposals – is a ‘systems-literate’ approach that takes 

into account the overall effect of a policy rather than merely its immediate effect. Where 

necessary, such an approach has the ability to create a negative feedback cycle that can limit 

the number of individual choices available and, ultimately, reduce our environmental impact. 

To illustrate this, Levett (2009) presents the example of cities with historically dense centres, 

which have refrained from providing additional infrastructure and roads to accommodate the 

growing number of cars and, instead, enforced a congestion charge in certain areas. The 

accumulated frustration with gridlocks and hefty charges, he argues, would encourage users 

to use other transport modes and result in a reduction of traffic. An example of the success of 

such an approach is the City of London, where a congestion charge was enacted in a 21 km2 

area and which has reduced congestion by 30% (Badstuber, 2018). This is as opposed to the 

‘obvious’ solution of providing more roads which, perhaps counter intuitively, 

proportionately increases the number of cars (Duranton and Turner, 2011).  

Similarly, a more effective solution to an infinitely increasing energy demand1 is to shift the 

focus from an efficiency-first approach – which results in an environmentally detrimental 

positive feedback cycle – to a ‘conservation-first’ one (Boardman et al., 2005a). With 

regards to this thesis’ scope, particularly within the domestic energy consumption domain, 

this could take the form of tariff reforms where the cost of energy is raised at the same rate 

 

 

1 The global primary energy demand has increased by an average of 2% per year from 2000 to 2018 (IEA, 

2019e).  
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that its efficiency has improved (after an energy retrofit), such that the perceived cost of the 

service stays the same to the user and, effectively, placing a constraint on excessive energy 

use (Levett, 2009). 

1.3. Buildings  

The buildings sector is responsible for more than 30% of the world’s final energy 

consumption (IEA, 2020a) and 28% of its energy-related carbon emissions (IEA, 2019g). 

Despite the introduction of numerous building energy codes and standards worldwide and 

the rise of efficiency levels in buildings’ systems, the sector’s energy consumption increased 

by an average of 1.8% per year from 1971 to 2010 (IEA, 2013), leading to a doubling in the 

associated carbon emissions during the same period (Lucon et al., 2014). This has led the 

International Energy Agency (IEA) to describe the buildings sector as currently being “not 

on track” to meet the objectives of the Sustainable Development Scenario (SDS) – a 

projection established by the IEA to meet the goals of the United Nations’ Sustainable 

Development Agenda, and which offers a 66% chance of stabilising global temperature rise 

at 1.8°C above pre-industrial levels (IEA, 2019e).  

Similar to the reasons behind the economy-wide rise in carbon emissions discussed in 

Section 1.1, population growth and rise of income per capita are also cited as the main 

causes for the above shortcomings in the buildings sector which, collectively, trigger a rise in 

built-up area and enable higher spending on energy services within buildings (IEA, 2013; 

Zhou et al., 2018a; Santamouris, 2016). The rebound effect (discussed earlier in Section 1.2) 

is also presented as another factor, and its magnitude within the buildings sector can range 

from 6% (Schleich et al., 2014) to a substantial 187%1 (Li et al., 2017) – i.e., 6% to 187% of 

the projected energy savings after an energy upgrade are not achieved. Despite the immense 

improvements in buildings’ energy efficiency over the past two decades (IEA, 2019b), the 

aforementioned factors were able to nullify these improvements and, as a result, the sector’s 

total energy consumption has increased (Lucon et al., 2014). Akin to the efficiency-first 

versus conservation-first debate mentioned in Section 1.2, the importance of reducing 

 

 

1 A rebound effect that is greater than 100% indicates that the energy consumption of a service after an efficiency 

upgrade is now higher than that prior to the upgrade. This is one of the two opposing positions regarding the 

nature of the rebound effect. Held by Lee Schipper, the first position argues that energy consumption would have 

been lower had there been no efficiency upgrades. The second position, held by Len Brookes and Harry 

Saunders, maintains that energy consumption would have been higher without efficiency upgrades (Herring and 

Roy, 2007). 
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Energy Use Intensities (EUIs – energy consumption per unit of floor area, i.e., efficiency) is 

secondary compared to that of reducing the sector’s total consumption – i.e., conservation – 

given that the associated carbon emissions will follow the pathway of the latter, regardless of 

how low the former is.   

1.4. Thesis’ aims and objectives 

In brief, the aim of this thesis is to devise ways in which the above shortcomings can be 

mitigated, and to provide insights into the realisation of a sustainable built environment. The 

novelty of this research lies not in projecting the impact of certain policies on the future of 

the built environment, but, rather, to devise the policies that are necessary to achieve the 

sector’s climate change targets, while minimising the uncertainties associated with 

implementing these policies. In essence, “to predict the future by inventing it” (Gabor, 

1964). Fundamentally, this thesis attempts to addresses the following three questions for the 

global built environment:  

A. Can current state-of-the-art building energy codes, and their conventional 

progression, be expected to achieve the global buildings sector’s climate change 

targets, as outlined by the IEA?  

B. If not, then based on an equitable global building energy allowance per capita, what 

are the necessary performance requirements (EUIs, in kWh/m2•year) for each 

country, for their newly constructed and existing residential and non-residential 

building stock, such that the sector’s climate change targets are met? 

C. Given the considerable effect that socioeconomic phenomena have on buildings’ 

energy consumption and their highly unpredictable nature, how can we ensure that 

the requirements identified in (B) are actually achieved?  

It is important to note that the sector’s climate change targets used in this thesis are based 

upon what the IEA (2017a) envisions to be the maximum global buildings’ energy 

consumption by 2060, such that we have a 50% chance of limiting the rise in global 

temperature to 2°C and 1.75°C above pre-industrial levels by 2100 (termed 2DS and B2DS, 

respectively, by the IEA and hereafter in the thesis).  

The structure of the thesis follows, chronologically, the order of the three questions. In 

Chapter 2, a dynamic stock-driven model is created for the world’s built environment, 

covering a total of 138 countries which represent more than 96% of current global building 

energy consumption. The model assesses the possibility of achieving the sector’s energy 

reduction target if, on a global level, all new buildings adopted a high efficiency standard – 
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namely the Leadership in Energy and Environmental Design (LEED) rating scheme or 

Passivhaus – and all existing buildings were retrofitted to current best practices. Then, after 

establishing the insufficiency of these standards to meet the sector’s targets and, 

consequently, the crucial necessity of stock models to devise the sector’s future energy 

policies, Chapter 3 reviews current Building Stock Energy Models (BSEMs). It critically 

appraises their suitability and capacity as an instrument to curb the sector’s growing energy 

consumption and carbon emissions, and their ability to incorporate the aforementioned 

socioeconomic phenomena. Following the findings of, and expanding on the model 

introduced in Chapter 2, Chapter 4 determines the necessary EUIs, for both a 2DS and a 

B2DS trajectory, for the newly constructed and existing building stocks of each of the 138 

countries. Next, the thesis’ last question is addressed in Chapter 5. Building on the models 

introduced in chapters two and four, an econometric model, covering the existing residential 

building stock is constructed, and a novel progressive tariff structure incorporating the 

concept of Increasing Block Tariffs (IBTs) is introduced. The tariff structure aims to achieve 

two objectives: A) minimise the magnitude of the rebound effect and restrain energy 

consumption at the levels identified in Chapter 4 while maintaining the economic viability of 

retrofits; and B) reduce instances of energy poverty. Finally, Chapter 6 draws these themes 

together and provides a summary of the research’s main findings, limitations, and prospects 

for future research.  
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CHAPTER 2. THE SCALE OF THE PROBLEM 

2.1. Preamble to journal paper 

The aim of this journal paper is to explore the thesis’ first objective (as shown in Section 1.3) 

– that is, to assess if current state-of-the-art building energy efficiency levels are sufficient to 

achieve the sector’s required energy reduction for a 2°C Scenario (2DS) climate change 

trajectory. To that end, the paper takes the ‘efficiency-first’ argument to its logical extreme – 

i.e., reductio ad absurdum – and assumes that, on a global level, all newly constructed 

buildings will be designed to meet the requirements of LEED or Passivhaus, and all existing 

buildings will be retrofitted to current best practices.  

The 2DS and B2DS (Beyond 2°C Scenario, assessed in Chapter 4) targets developed by the 

IEA offer a 50% chance of limiting the rise in global temperature to 2°C and 1.75°C, 

respectively, above pre-industrial levels. To achieve these targets, the IEA (2017a) proposes 

different CO2 emissions-reduction strategies for the economy’s different sectors – e.g., 

energy supply, buildings, industry, and transport. The IEA envisions that, under the 2DS, the 

majority (40%) of the emissions’ reduction achieved in the economy’s end-use sectors – i.e., 

buildings, industry, transport, and agriculture – will be through energy efficiency 

improvements. This is followed by the transition towards renewable energy (35%), where 

renewable energy technologies will be pushed to “their maximum practical limits” such that 

the entirety of the energy supply in 2060 is carbon-neutral. 



Chapter 2 

9 

 

It is unclear1 what these “maximum practical limits” are based upon, but it is likely that they 

refer to factors limiting the supply of future renewable energy. These factors include, for 

example, the economic losses associated with the necessary early retirement of coal-fired 

power plants, where three-quarters of the world’s current installed coal capacity would need 

to be decommissioned under the B2DS trajectory. Another factor is the enormous investment 

required until 2060 to decarbonise the power sector – estimated at an annual average of USD 

1.4 trillion, which is more than twice the USD 682 billion invested in the year 2015. This is 

especially challenging given that two-thirds of that investment is needed in the power sector 

of developing countries. As the industry and transport sectors would still have difficult-to-

abate CO2 emissions by the year 2060, the IEA envisions that negative emissions would have 

to be ‘produced’ to counter these remaining emissions through the use of Carbon Capture 

and Storage (CCS) technologies, including Bioenergy (BE) CCS. A further limiting factor 

therefore is the availability of sustainable biomass – namely, the availability of land for both 

energy crop production and food production – to produce the required negative emissions 

until 2060. These are estimated as the equivalent of China’s cumulative CO2 emissions from 

2005 to 2014. Crucially, the needed further development of battery technologies to reduce 

the material requirements of energy storage is another limiting factor. Related to this is 

quantity of metals and minerals required to achieve a carbon-neutral energy sector. To 

achieve that goal, Giurco et al. (2019) estimate that the demand for Cobalt and Lithium 

would be 140% and 180% of current proven reserves (respectively) – demonstrating the 

difficulty of supplying the future energy demand exclusively through renewables whilst 

maintaining current growth rates. 

The remaining required reduction in CO2 emissions will be through nuclear energy (6%) and 

fuel switching (5%). For the B2DS trajectory, the majority of the additional reduction in 

CO2 emissions will also be from energy efficiency improvements (34%), followed by CCS 

(32%), fuel switching (18%), renewables (15%), and nuclear energy (1%) (IEA, 2017a).  

From the above, it is evident that IEA’s proposed strategy for achieving the climate change 

targets is based on reducing our energy demand such that it can be met in its entirety through 

 

 

1 It is worth noting that the candidate has requested clarification from the IEA with regards to renewable energy 

technologies being pushed to “their maximum practical limits” under IEA’s scenarios – inquiring if that is related 

to the availability of rare earth minerals used to manufacture renewable energy infrastructure. The candidate has 

also requested further clarification as to the underlying calculations used to arrive at the buildings sector’s capped 

energy consumption for a 2DS and B2DS trajectory (36 and 32 PWh/year, respectively). The candidate can 

confirm that, at the time of this thesis’ submission, no response has yet been received from the IEA. 
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renewable energy (as illustrated in Figure 2-1).  

 

 

Figure 2-1. The primary global energy demand (in PWh/year) by year 2060 under IEA’s Reference Technology 

Scenario (RTS) – a ‘baseline’ scenario that represents current commitments including Nationally Determined 

Contributions (NDCs) under the Paris Agreement – versus ‘available’ renewable energy. The graph shows that 

under the RTS, the demand would exceed the available supply of renewable energy, thus highlighting the 

necessity of reducing that demand – i.e., by improving energy efficiency. Notably, the energy demand under 

IEA’s 2°C scenario (2DS) can be met in its entirety through renewable energy. Data collated from IEA (2017a).  

For the global buildings sector, the adoption of energy efficiency measures is of utmost 

importance as it represents approximately 79% of the sector’s CO2 emissions reduction 

under the B2DS trajectory. Additionally, reducing the sector’s energy demand would enable 

a higher portion of renewable energy to supply hard-to-abate sectors (i.e., industry and 

transport) (IEA, 2017a). 

Building from the above, the model presented in this paper, and the thesis in its entirety, are 

concerned with what the IEA calls the “first fuel” for achieving the 2DS and B2DS targets – 

i.e., how energy-efficient buildings should be such that they are on-track to achieve these 

targets. In its 2017 Energy Technology Perspectives report, the IEA (2017a) envisions that 

the final operational energy consumption of the global buildings sector must be capped at 36 

and 32 PWh/year in order to realise a 2°C (2DS) and 1.75°C (B2DS) world, respectively. It 

is the first figure (36 PWh/year) that forms the basis of the model presented in this paper, 

with the two figures (36 and 32 PWh/year) forming the basis for the other models 

subsequently presented in this thesis. Importantly, given that the IEA has already considered 

building-integrated renewables when formulating these two limits (36 and 32 PWh/year), on-

site renewable energy has been excluded from this thesis’ models. 

It is important to note that, for the LEED assumption, the energy efficiency level 
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implemented was only possible in one climate zone (zone 3C, as shown in Section 2.3.3.1.1 ) 

and thus it is unlikely that that level will be achieved in other climate zones. For the 

Passivhaus assumption, as explained in Section 3.2.3 , it was shown that hot and humid 

climate zones have an energy demand of 69 kWh/m2•year for cooling alone – more than 

double the total of 30 kWh/m2•year that was implemented in the model. Therefore, that all 

buildings worldwide, regardless of location, will achieve the ultra-high efficiency levels of 

LEED and Passivhaus is unlikely to be possible in reality and thus highlights the extremity 

of the assumptions made.  

The assessment is performed through the construction of a global building stock model, 

using Microsoft Excel spreadsheet (which was also used to develop the models of chapters 

four and five), that includes 138 countries representing over 96% of building energy 

consumption in 2018, and covering the period 2017 to 2060. The model includes both 

residential and non-residential buildings, and predicts the annual expansion in each country’s 

floor area depending on the growth rates of its population and GDP per capita. It also 

considers changes in the floor area and energy efficiency of the existing stock through 

incorporating annual demolition and retrofit rates.  

It is important to note that the model created covers buildings in both rural and urban 

settings, with no distinction applied between the consumption of buildings in either locality. 

While this may be a limitation of the model, it should be viewed as yet another optimistic 

aspect of the model. This is because, in low income countries, research has shown that 

residential buildings in rural areas tend to consume more energy compared with those in 

urban areas (Yang et al. 2020). Therefore, to assume that newly constructed buildings in 

rural areas will consume the same amount of energy as those in urban areas (i.e., designed to 

LEED or Passivhaus standard) is an optimistic measure. 

The results of the model show that such an optimistic scenario falls short of achieving the 

required reduction in the sector’s energy consumption. The paper implicates the sector’s 

projected growth as well as the immense increase in per capita income levels for this failing, 

and argues that building energy codes ought to be reverse-engineered from global targets and 

taking into account the sector’s growth.  

The outcome of this paper provides a strong case for the importance of utilising stock models 

to inform the design of effective future building energy codes and policies.  

It is important to note that in addition to the paper’s appendix (Section 2.3.9), supplementary 

data covering total and per capita floor areas in 2017 and 2060 for each of 138 countries is 

available in Appendix A of the thesis’ online dataset (DOI: 

https://researchdata.bath.ac.uk/990/).   

https://researchdata.bath.ac.uk/990/
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Abstract 

The 2015 Paris Agreement requires nations to reduce greenhouse gas emissions across many 

sectors. Buildings are responsible for 28% of global carbon emissions, but despite the 

introduction of numerous building energy codes and standards, the sector’s energy 

consumption and carbon emissions continue to increase. Here we ask, for the first time, 

whether the building sector’s emission reduction targets can be met if all new buildings are 

designed to, and the existing building stock is retrofit to, current best practices. Through the 

development of a dynamic building stock model, covering 138 countries and representing 

over 96% of current global building energy consumption, we show that even state-of-the-art 

building efficiency standards will not deliver the needed reductions, under both high and low 

economic growth scenarios. We implicate the sector’s projected growth in floor area for 

this failing and suggest that future building energy codes need to mitigate the effect 

of socioeconomic drivers. 

Keywords: Energy efficiency; Buildings sector; Carbon emissions; Climate Change; Low 

energy standards.  

Highlights:  

• The development of a building stock model covering 138 countries and 96% of current 

global building energy consumption and considering different growth scenarios 

through to 2060.  

mailto:T.J.Kershaw@bath.ac.uk
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• Current state of the art building energy efficiency standards are insufficient to meet 

required energy reduction targets.  

• Socioeconomic trends will need to be accounted for in building energy policies in 

order to curb continued carbon emissions from buildings.  

2.3.1. Introduction 

The buildings sector is currently responsible for more than 30% of the world’s final energy 

consumption (IEA, 2020a) and 28% of its energy-related CO2 emissions (IEA, 2019g). The 

majority of these emissions, 80-90%, are said to emanate from operational energy end-uses 

such as heating, cooling and lighting during the lifetime of a building, with the remaining 

from construction and materials used to create the building (Ramesh et al., 2010). Hence, 

global focus has been on significantly reducing operational energy use from buildings 

through the development of new regulations and standards. However, despite their 

introduction, the tightening of existing regulations and rising efficiency levels for various 

building systems, the sector’s total energy consumption continued to grow by an average of 

1.8% per year from 1971 to 2010 (IEA, 2013), resulting in the associated Greenhouse Gas 

(GHG) emissions to more than double over the same period (Lucon et al., 2014). The 

literature points to population growth and rising income per capita as reasons for this 

continued increase which, in turn, lead to an expansion of total built floor area and allow 

higher expenditure on energy services (such as heating, cooling and appliances) (IEA, 2013; 

Zhou et al., 2018a; Santamouris, 2016). The ‘Rebound Effect’, i.e., when predicted energy 

savings are not observed in practice is an additional factor (Saunders, 1992; Jevons, 1865). 

This is estimated to range from as little as 6% (Schleich et al., 2014) to a substantial 92% 

(Peters and McWhinnie, 2018) of predicted savings not being realised within the buildings 

sector. Historically, these three factors have negated energy efficiency gains in buildings and 

resulted in the observed energy demand increase (IEA, 2013; Lucon et al., 2014). By 2060, 

the world’s current floor area is expected to more than double (IEA, 2017a) and income per 

capita levels in developing countries are projected to more than quadruple (Åsa Johansson et 

al., 2012). Therefore, policies aiming to reduce the buildings sector’s carbon emissions will 

need to take into account the aforementioned socioeconomic transformations (Harvey, 2014; 

Vásquez et al., 2016). 

Voluntary building energy standards, designed to deliver large energy savings compared to 

prevailing building energy regulations, are often touted as the solution to rising carbon 

emissions associated with the buildings sector (National Geographic - Urban Expeditions, 

2019; Solovitch, 2015). The US’ Leadership in Energy and Environmental Design (LEED), 
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one of the world’s most popular building sustainability standards, was introduced in 2000 by 

the United States Green Building Council (USGBC) and has been applied across more than 

160 countries (USGBC, 2016). Another international standard is the German Passivhaus, 

which is amongst the most stringent of building energy standards. Passivhaus was initiated in 

1996 through the Passive House Institute (PHI) (Passive House Institute, 2019a), and has 

now more than 60,000 (Passipedia, 2020) certified projects across the world including: 

Europe, the US, China, Japan, Australia and the UAE (International Passive House 

Association, 2019).   

While some research has been conducted to assess and devise policies that are able to reduce 

carbon emissions associated with the world’s buildings – such as the global building stock 

models developed by Harvey (2014), Urge-Vorsatz et al. (2013), and the IEA (2019c) - the 

capacity of modern building energy codes and standards (and their conventional progression) 

to achieve that goal has not been examined. Moreover, these studies are rarely linked to or 

checked against the quantitative implications that the Paris Agreement has for the buildings 

sector.  

The aim of this research, therefore, is to assess the possibility of meeting the world’s 

buildings sector’s expected contribution towards the Paris Agreement if all new buildings 

were designed to have the energy efficiency levels required under either the LEED or 

Passivhaus standards. This is performed by constructing a building stock model of the 

world’s building stock, covering 138 countries that represent more than 96% of the world’s 

building energy consumption (IEA, 2019d). Given that the majority of existing buildings 

will still be standing in 2050 (IEA, 2017a), the model also considers the existing building 

stock, a percentage of which is assumed to be retrofitted every year – consequently reducing 

its energy consumption per unit floor area.  

2.3.2. Defining the targets 

To date, 189 countries have ratified the Paris Agreement(United Nations Framework 

Convention on Climate Change, 2019), part of the United Nations Framework Convention 

on Climate Change (UNFCC), which calls upon all signatories to limit the increase in global 

temperature below 2°C compared to pre-industrial levels, and attempt to further limit it 

below 1.5°C (UNFCC, 2021). Despite the buildings sector constituting a large share of 

global carbon emissions, the majority of current Nationally Determined Contributions 

(NDCs) – a document intended to outline each country’s contribution towards the 2°C target 

– do not provide a clear action plan for the sector (IEA, 2019f). Additionally, the 

implications that the Paris Agreement has for the buildings sector is not clearly defined in the 
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literature published by international institutions. For example, the Intergovernmental Panel 

on Climate Change (IPCC) provides little guidance on the required contribution of the 

buildings sector in order to limit the global temperature increase below 2°C (Lucon et al., 

2014). The International Energy Agency (IEA), on the other hand, has set certain 

requirements, although on a global scale rather than disaggregated by country. In its 2017 

Energy Technology Perspectives report, the IEA stipulates that to limit global temperature 

rise below 2°C (referred to as the 2DS scenario within IEA’s report), the building sector’s 

contribution must be to limit the “global average annual final building energy consumption 

per person” (GBEP) to less than 3.5 MWh/person•year by 2060 (IEA, 2017a), and stabilise 

the “global building stock annual final energy consumption” (GBAE) at approximately 36 

Petawatt-hours (PWh)  by 2045 (IEA, 2017b) (both thresholds are henceforth referred to as 

Target 2°C). To clarify, final energy is the total energy consumed by end users, it is the 

energy that reaches the consumers’ door and excludes that associated with energy generation 

or transportation.  

Three observations can be made in relation to the IEA’s 2DS target. Firstly, the IEA assumes 

that the energy consumption per capita will remain relatively constant in developing 

countries, which is contrary to current figures that show an average annual growth rate of 1% 

in these countries over the last 20 years (IEA, 2017a). Secondly, and perhaps more 

worryingly, the 3.5 MWh/person•year target is set with a considerable disparity between 

developed and developing countries (this is plotted graphically in Section 2.3.9.1): while the 

GBEP is reduced by almost a third in developed countries by 20501, it is still at least twice as 

high as that of developing countries (Global Alliance for Buildings and Construction, 2016). 

In other words, the IEA does not assume energy per capita parity by this date.   

Thirdly, IEA’s 2DS scenario was formulated under the assumption that a minimum global-

average annual decarbonisation rate of 2.8% will be achieved for the energy sector (i.e., all 

energy supply and production), which is 4.7× higher than that achieved over the 10-year 

period 1975 to 1985, historically the period that has seen the fastest decarbonisation. If we 

consider the last reporting period (2005-2015) preceding the modelling period, global energy 

related carbon emissions actually increased by 0.09% (further information can be found in 

Section 2.3.9.1).  

Taken together, these observations suggest that the IEA’s 2DS scenario is broadly optimistic 

 

 

1 The latest data available for this is up to 2050. 
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in its assessment of the GBEP and GBAE targets it suggests for managing the rise in 

temperatures. This is in keeping with our approach towards the application of building 

energy standards in our model, which is also highly optimistic. 

Finally, as IEA’s 2DS scenario was formulated assuming a rapid deployment of renewable 

energy technologies1, including localised systems such as photovoltaic panels and solar 

thermal (IEA, 2017a), on site energy generation systems were disregarded from this model to 

avoid double counting.  

Furthermore, the carbon emissions associated with the construction and retrofit of buildings, 

i.e., through the manufacture and transportation of building materials, are accounted for 

separately by the IEA. These are also hence outside the scope of this work.  

2.3.3. Methods 

This paper presents results from a dynamic stock-driven (Vásquez et al., 2016) model – i.e., 

a model that is dependent upon changes in population and Gross Domestic Product (GDP) 

per capita to derive the size of a building stock at a given point in time. The model created 

represents the world’s building stock covering a total of 138 countries. While some countries 

were omitted from the analysis (a justification for which is provided in Section 2.3.9.3), the 

138 selected countries represent over 96% of global building energy consumption in the 

model’s starting year (2017) (IEA, 2019d) and, as such, the model can be said to be 

representative of the global building stock. The model considers parameters such as GDP per 

capita, population, retrofit rates and the associated energy reduction for the existing building 

stock, as well as progressive energy standards (i.e., ones that are improved over time) for 

newly constructed buildings. The modelling period runs from 2017 to 2060, to match the 

Target 2°C introduced in Section 2.3.2 and IEA’s current data on global building energy 

consumption (see Section 2.3.3.1.1). Due to the high levels of uncertainty associated with 

projecting future global final energy consumption, all assumptions made in this paper have 

erred towards the optimistic end of currently available analysis. Hence, the analysis 

presented in this paper can be considered a best-case scenario assessment of meeting Target 

2°C through the adoption of building energy standards. A schematic summarising the 

 

 

1 This is based on (IEA, 2017a, fig.3.5) (p. 128), where fuels Renewables, Electricity and Biomass make up 80% 

of buildings’ final energy consumption under IEA’s 2DS. It is important to note that the same source (p. 280) 

projects that the carbon intensity of electricity generation (i.e., the amount of CO2 emissions per unit of electricity 

generated) falls to zero by 2060.  



The scale of the problem 

18 

 

model’s methodology for each country is presented in Figure 2-2.  

 

Figure 2-2. A schematic of the model’s methodology for each country.  

2.3.3.1. Energy Use Intensities (EUIs)  

The EUIs for newly constructed buildings and existing building stock – the methodology of 

which is shown in sections 2.3.3.1.1 and 2.3.3.1.2, respectively – are based on final energy 

demand, rather than source or primary energy demand, in order to match the targets 

presented in Section 2.3.2.  

2.3.3.1.1. Newly constructed buildings  

In determining the EUIs for the Passivhaus-approach and the LEED-approach, the model 

divides newly constructed buildings into 3 generations, each with a decreasing, distinct EUI: 

the first generation runs from 2017 to 2029; second generation is from 2030 to 2039; and 

third generation is from 2040 to 2060. The EUIs for newly constructed buildings (𝐸𝐼𝑁𝐶𝑡 in 

Equation 2.5), for all three generations, under both the LEED-approach and the Passivhaus-

approach, are shown in Table 2-2. 

For the Passivhaus-approach, the latest version of the Passivhaus standard (version 9), 

launched in 2015, assumes that all future energy supplies will be from renewable energy 
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sources by introducing the concept of Primary Energy Renewable (PER) demand. The PER 

demand of an end-use 𝑖 (𝑃𝐸𝑅𝑖, measured in kWh/m2•year) is calculated using Equation 2.1 

(Passive House Institute, 2019b):  

 𝑃𝐸𝑅𝑖 = 𝐹𝐸𝐷𝑖 × 𝑃𝐸𝑅𝐹𝑖 (2.1) 

Where 𝐹𝐸𝐷𝑖 is the final energy demand of end-use 𝑖 (kWh/m2•year) and 𝑃𝐸𝑅𝐹𝑖 is the PER 

factor for end-use 𝑖. The 𝑃𝐸𝑅𝐹, in turn, is a coefficient that embodies the simultaneity of 

energy generation and energy demand – i.e., the more instantly an energy resource can be 

used, the lower its 𝑃𝐸𝑅𝐹 and vice versa (Passipedia, 2019). For example, where a heat pump 

is used for both space heating and cooling in a cool climate such as Brussels, Belgium, the 

PER factor for heating is 1.75, while that for cooling is 1.00 (Passive House Institute, 

2019b). The PHI justifies this in that the highest demand for heating occurs in seasons with 

the lowest renewable energy availability (i.e., winter) resulting in extensive storage 

requirements. Cooling, on the other hand, occurs in seasons when renewable energy is the 

most abundant (i.e., summer) – meaning that the generated renewable energy can be used 

immediately without any need for storage (Passipedia, 2019). The values for 𝑃𝐸𝑅𝐹 within 

the Passivhaus standard vary according to location.  

Consequently, the PER of a building (𝑃𝐸𝑅𝐵, measured in kWh/m2•year), upon which a 

building is given its Passivhaus class in version 9 (≤ 60, ≤ 45 and ≤ 30 kWh/m2•year for 

Classic, Plus and Premium respectively (Passipedia, 2016)), is the sum of all its 𝑃𝐸𝑅𝑖s and is 

calculated using Equation 2.2.   

 𝑃𝐸𝑅𝐵 = ∑ 𝑃𝐸𝑅𝑖

𝑛

𝑖=1

 (2.2) 

From equations 2.1 and 2.2, it can be observed that for any end-use, the higher its 𝑃𝐸𝑅𝐹𝑖, the 

higher its resultant 𝑃𝐸𝑅𝑖 – leading to a higher 𝑃𝐸𝑅𝐵 and as a result a lower Passivhaus class 

for the building.  

Given that the targets defined in Section 2.3.2 are for the total energy use of buildings (i.e., 

not broken down by end-use), one 𝑃𝐸𝑅𝐹 value representing the building as a whole was 

chosen for the model. After comparing all Passivhaus’ 𝑃𝐸𝑅𝐹 values, for all electrical end-

uses and across all its 493 climate zones, we observe that: a) the mean 𝑃𝐸𝑅𝐹 for all end-uses 

is greater than 1.00; and b) at least 81% of all 𝑃𝐸𝑅𝐹 values are greater than 1.00 (Table 2-1). 

Therefore, to err on the optimistic side, a 𝑃𝐸𝑅𝐹 value of 1.00 was chosen to represent newly 

constructed buildings under the Passivhaus-approach (i.e., the final energy demand is equal 

to the primary energy demand). Accordingly, the 𝑃𝐸𝑅𝐵 thresholds were adopted as the EUIs 
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under the Passivhaus-approach for the first, second and third generation of newly constructed 

buildings, as shown in Table 2-2.  

 

End-use 

Space 

heating (heat 

pump) 

Water 

heating (heat 

pump) 

Appliances 

Space 

cooling (heat 

pump) 

Space cooling – 

dehumidification 

(heat pump) 

Mean PER 

factor 
1.60 1.22 1.24 1.14 1.32 

Percentage 

of values ≥ 

1.00 

92% 100% 100% 81% 82% 

Table 2-1. Mean PER factors and percentage ≥ 1.00 for different end-uses, across all Passivhaus’ 493 climate 

zones. Data collated from (Passive House Institute, 2019b). 

Generation From (year) To (year) 

EUI (kWh/m2•year) 

LEED-approach 
Passivhaus-

approach 

First 2017 2029 69 60 

Second 2030 2039 56 45 

Third 2040 2060 43 30 

Table 2-2. The EUIs implemented in the model for the three generations of newly constructed buildings (𝐸𝐼𝑁𝐶𝑡 

in Equation 2.5) under LEED and Passivhaus approaches.  

For the LEED approach, since LEED is a whole development sustainability standard, we are 

only concerned with the ‘energy credit’ within the LEED for New Construction and Major 

Renovations (NC+MR) standard. Within the energy credit, points are awarded to a project 

based on the percentage reduction in energy consumption that it achieves compared to a 

baseline, which would be based on American Society of Heating, Refrigerating, and Air 

Conditioning Engineers’ (ASHRAE) Standard 90.1 (USGBC, 2019). In version 4.1 of LEED 

NC+MR, introduced in 2019, a 50% reduction against the ASHRAE 90.1-2016 baseline 

grants a project the maximum number of points attainable for the energy credit (USGBC, 

2019).  

Since the ASRHAE 90.1 baseline varies according to the location of a building, the resulting 

EUIs of ASHRAE 90.1-2016 for different ASHRAE Climate Zones (ACZs) – reduced by 

50% for maximum LEED points – were compared, and the lowest one (achieved under ACZ 
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3C, see Figure 2-3) was chosen as the EUI of the first generation of newly constructed 

buildings under the LEED-approach.  

For the second and third generations of buildings (2030 to 2039 and 2040 to 2060, 

respectively), their EUIs had to be reasonably projected based on the historical progression 

of ASHRAE standard 90.1. As such, the two most-recent versions of ASHRAE 90.1, for 

which the resultant EUIs are available (2013 and 2016)1, were first compared, and an 

Average Annual Reduction Rate (𝐴𝐴𝑅𝑅) – i.e., the average annual percentage reduction in 

EUI achieved in the 2016 version over the 2013 version – was then computed using Equation 

2.3.  

 𝐴𝐴𝑅𝑅 = (
𝐸𝑈𝐼𝑡0

𝐸𝑈𝐼𝑡

)

1
𝑡−𝑡0

− 1 (2.3) 

where 𝐸𝑈𝐼𝑡0
 and 𝐸𝑈𝐼𝑡 are resultant EUIs of ASHRAE 90.1 at years 2013 (𝑡0) and 2016 (𝑡), 

respectively. 

The computed 𝐴𝐴𝑅𝑅 was, in turn, applied to the EUI of the first generation (69 

kWh/m2•year – see Figure 2-3) to forecast the EUIs of the second and third generations, 

using Equation 2.4. 

 𝐸𝑈𝐼𝐺𝐸𝑁2,𝐺𝐸𝑁3 = 𝐸𝑈𝐼𝐺𝐸𝑁1 × (1 + 𝐴𝐴𝑅𝑅)𝑛
 (2.4) 

where 𝐸𝑈𝐼𝐺𝐸𝑁1 and 𝐸𝑈𝐼𝐺𝐸𝑁2,𝐺𝐸𝑁3 are the EUIs of the first, second and third generations, 

respectively, and 𝑛 is the number of years between the start of the first generation (2017) and 

that of the second (2030) and third generation (2040). As such, to compute 𝐸𝑈𝐼𝐺𝐸𝑁2, an 𝑛 of 

10 would be used, while to compute 𝐸𝑈𝐼𝐺𝐸𝑁3, an 𝑛 of 20 would be used.  

Therefore, the total energy consumption of newly constructed buildings at year 𝑡 (𝐸𝐶𝑁𝐶𝑡) 

can be calculated using Equation 2.5.   

 𝐸𝐶𝑁𝐶𝑡 = 𝐸𝐼𝑁𝐶𝑡 × 𝑇𝐴𝑡 (2.5) 

where 𝐸𝐼𝑁𝐶𝑡 is the EUI of newly constructed buildings at year 𝑡 (under either a LEED or a 

Passivhaus approach, derived from Table 2-2), and 𝑇𝐴𝑡 is the floor area of newly 

constructed buildings, calculated using Equation 2.13. 

 

 

1 While the most recent version of ASHRAE 90.1 is 2019, analysis on its resultant EUIs under different climate 

zones has not been carried out yet. Therefore, versions 2013 and 2016 were used in this paper. 



The scale of the problem 

22 

 

Figure 2-3 shows ASHRAE EUIs (reduced by 50%) for different climate zones along with 

the Passivhaus EUI and their progression over time. We observe that the ASHRAE EUIs can 

vary by ~60% between climate zones 3C and 7. Therefore, the assumption that, under the 

LEED-approach, all buildings worldwide in all climate zones will achieve the EUI of climate 

zone 3C is an optimistic aspect of the model. The full list of the 𝐴𝐴𝑅𝑅s and resulting EUIs 

for each climate zone, for all three generations, is provided for reference in Section 2.3.9.4.   

 

Figure 2-3. The resulting ASHRAE EUIs (reduced by 50%) for different ACZs and those for Passivhaus (the 

EUIs of which are shown in Table 2-2). Data collated from (US Department of Energy, 2017a; USGBC, 2019). It 

can be noted that, unlike ASHRAE, the EUI of Passivhaus is identical regardless of location (Passipedia, 2016). 

As stated, the resulting ASHRAE EUI under ACZ 3C was adopted as the LEED EUI in this paper.  

It is worth noting that, as can be seen in Figure 2-3, the EUI of the Passivhaus-approach is 

14%, 20% and 31% lower than that adopted for LEED for the first, second and third 

generation, respectively. Therefore, Passivhaus can be considered as the more ‘stringent’ 

standard among the two. In this context, it is useful to note how the EUI of Passivhaus 

compares to that of current net-zero energy buildings (NZEBs). In the US, NZEBs have 

shown difficulty in even achieving the EUI of the Passivhaus’ first generation of buildings 

(60 kWh/m2•year), especially those located in hot climates (ACZs 1A and 2A). For example, 

the median EUI achieved by NZEBs in the US for these climate zones was 87 kWh/m2•year, 

compared to 56 kWh/m2•year for all other climate zones. It is important to note that NZEBs’ 

EUIs were calculated based on their total energy demand (i.e., purchased energy plus on-site 

generation). Further information on how these medians were calculated is provided in 

Section 2.3.9.5.  

Lastly, it has been assumed that newly constructed buildings (2017 onwards) will be 

retrofitted every 30 years and their EUI reduced by 30% (based on current best-practice, see 
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Section 2.3.3.1.2). Within the modelling period (2017-2060), only the first generation of 

newly constructed buildings – built between 2017 and 2029, with an EUI of 69 kWh/m2•year 

(LEED) and 60 kWh/m2•year (Passivhaus) – will be retrofitted between the years 2047 and 

2059, and their EUI reduced to 48 kWh/m2•year under the LEED-approach and 42 

kWh/m2•year under the Passivhaus-approach.  

2.3.3.1.2. Existing buildings 

For the existing building stock, we assume that 1.5% and 2% of its floor area in countries 

part of the Organisation for Economic Co-operation and Developed (OECD) and those 

outside it (respectively) will be demolished each year, based on a similar assumption made 

by NewClimate Institute (NewClimate Institute et al., 2019) in their global building stock 

model. Given that the modelling period (2017-2060) lasts 43 years and that the average 

lifespan of residential and commercial buildings is 50 years (Pan et al., 2018), these 

demolition rates have only been applied to buildings built before 2017 – i.e., existing 

buildings – For the remaining stock, we assume 3% of its floor area is retrofitted annually, 

reducing its EUI by 30%, similar to that assumed for newly constructed buildings. This is in-

line with the optimistic-end of current regulations and estimates. For instance, retrofitting 

3% of floor area annually was recently adopted as a regulation in some countries (European 

Union, 2012, p.315/13). With regards to the typical energy savings associated with a retrofit, 

the IEA estimates this to be between 15% to 30% (IEA, 2013). It is important to note that 

this figure disregards any presence of a rebound effect which, as was shown in Section 2.3.1, 

can be as high as 92% – indicating that these savings can be considered optimistic.  

As such, to calculate the energy consumption of the existing building stock of a given 

country at year 𝑡 (𝐸𝐶𝐸𝑆𝑡), the EUIs of the un-retrofitted (𝐸𝐼𝐸𝑆𝑈𝑁𝑅𝐸𝑇) and the retrofitted 

(𝐸𝐼𝐸𝑆𝑅𝐸𝑇) stocks are first obtained, and then multiplied by the respective un-retrofitted 

(𝑇𝐴𝑈𝑁𝑅𝐸𝑇,𝑡) and retrofitted (𝑇𝐴𝑅𝐸𝑇,𝑡) floor areas at year 𝑡, as shown in equations 2.6 to 2.10.  

 𝐸𝐼𝐸𝑆𝑈𝑁𝑅𝐸𝑇 =
𝐸𝐸𝐵2017

𝑇𝐴2017

 (2.6) 

 

 𝐸𝐼𝐸𝑆𝑅𝐸𝑇 = 𝐸𝐼𝐸𝑆𝑈𝑁𝑅𝐸𝑇 × (1 − 0.3) (2.7) 

 

 𝐸𝐶𝐸𝑆𝑈𝑁𝑅𝐸𝑇,𝑡 = 𝐸𝐼𝐸𝑆𝑈𝑁𝑅𝐸𝑇 × 𝑇𝐴𝑈𝑁𝑅𝐸𝑇,𝑡 (2.8) 
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 𝐸𝐶𝐸𝑆𝑅𝐸𝑇,𝑡 = 𝐸𝐼𝐸𝑆𝑅𝐸𝑇 × 𝑇𝐴𝑅𝐸𝑇,𝑡 (2.9) 

 

 𝐸𝐶𝐸𝑆𝑡 = 𝐸𝐶𝐸𝑆𝑈𝑁𝑅𝐸𝑇,𝑡 + 𝐸𝐶𝐸𝑆𝑅𝐸𝑇,𝑡 (2.10) 

 

where 𝐸𝐸𝐵2017 is the residential/commercial energy consumption of a country’s existing 

building stock in 2017 (derived from IEA’s World energy balances (IEA, 2019d)), 𝑇𝐴2017 is 

the total floor area of the stock in 2017 (calculated using Equation 2.13), and 𝐸𝐶𝐸𝑆𝑈𝑁𝑅𝐸𝑇,𝑡 

and 𝐸𝐶𝐸𝑆𝑅𝐸𝑇,𝑡 are the energy consumption of the un-retrofitted and retrofitted building 

stock, respectively, at year 𝑡. 

The 𝐸𝐼𝐸𝑆𝑈𝑁𝑅𝐸𝑇 and 𝐸𝐼𝐸𝑆𝑅𝐸𝑇 of developing countries increases over the duration of the 

model, up to the saturated level of developed countries, reflecting the predicted increases in 

income per capita for these countries (as discussed in Section 2.3.1). An income-elasticity of 

buildings energy demand of 1.099 was implemented in the model (drawing on a review of 

103 studies (Zhu et al., 2018))1, which was then applied to the projected annual growth in 

GDP per capita, for each developing country that was not already at EUI parity with 

developed countries. 

2.3.3.2. Computing current and future floor area of building stock  

The computation of building stock floor area follows the method presented by Harvey 

(Harvey, 2014), where it is derived from economic activity (GDP per capita) and population 

of a country at a given point in time. In Harvey’s model (Harvey, 2014), the world is divided 

into 10 economic regions, each with distinct growth parameters, as is shown in Table 2-3.  

The GDP per capita of a country at year 𝑡 (𝐺𝑡) is calculated using Equation 2.11:  

 

 

1 As no comprehensive study was available for commercial buildings, an income-elasticity of buildings energy 

demand of 1.099 has been adopted in the model for both residential and commercial buildings in developing 

countries. It must be noted that the income-elasticity of demand for commercial buildings tends to be higher than 

that of residential buildings (Burke and Csereklyei, 2016) and, therefore, this adds yet another optimistic aspect to 

our model. 
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 𝐺𝑡 =
𝐺𝑈

1 + ((𝐺𝑈 − 𝐺0)/𝐺0)𝑒−𝑎𝐺𝐷𝑃(𝑡−𝑡0)
 (2.11) 

where 𝐺𝑈 is the saturated GDP per capita (i.e., the maximum value it is expected to reach 

over time), 𝐺0 is GDP per capita at starting year 𝑡0, and 𝑎𝐺𝐷𝑃 is the mean annual growth rate 

of GDP per capita. It is assumed that, as time progresses, 𝐺𝑡 will approach 𝐺𝑈.  

As an enhancement to Harvey’s model, where each region has a ‘representative 𝐺0’ and 

countries were assigned the 𝐺0 of the region they belong to, the 𝐺0 implemented in this 

paper is distinctive for each country and has been obtained from World Bank data (World 

Bank, 2017). Values implemented for 𝐺𝑈 and 𝑎𝐺𝐷𝑃 are provided in Table 2-3. Two values 

for 𝐺𝑡 are yielded for each year, one following a low-growth scenario and the other a high-

growth scenario.  

The calculated GDP per capita at year 𝑡 (𝐺𝑡) then feeds into Equation 2.12, which calculates 

the residential and commercial floor area per capita at year 𝑡 (𝐴𝑡) in m2/person: 

 𝐴𝑡 =
𝐴∞

1 + ((𝐴∞ − 𝐴0)/𝐴0𝑒−𝑎(𝐺𝑡−𝐺0)
 (2.12) 

where 𝐴∞ is the saturated floor area per person, 𝐴0 is floor area per capita at starting year 𝑡0, 

and 𝑎 is the average annual growth rate of floor area per person, assumed to be 0.0002 

(Harvey, 2014).   

The total floor area of a country’s building stock (in m2) at year 𝑡 (𝑇𝐴𝑡) can then be 

calculated using Equation 2.13: 

 𝑇𝐴𝑡 = 𝑃𝑡 × 𝐴𝑡 (2.13) 

where 𝑃𝑡 is the population of a country at year 𝑡, obtained from United Nations’ World 

Population Prospects 2019, under Medium fertility variant, which corresponds to the median 

of the 95% prediction interval (United Nations, 2019a; Department of Economic and Social 

Affairs, United Nations, 2019).  

World’s region 
𝐺𝑈 low 

(2005 USD) 

𝐺𝑈 high 

(2005 USD) 
𝑎𝐺𝐷𝑃 

𝐴∞ residential 

(m2/person) 

𝐴∞ commercial 

(m2/person) 

PAO 34,000 50,000 0.02 55 15 

NAM 40,000 55,000 0.01 60 23.7 

WEU 30,000 50,000 0.02 45 14.2 

EEU 30,000 45,000 0.04 45 7.5 

FSU 27,000 45,000 0.04 45 6.5 

LAM 25,000 40,000 0.04 40 4.7 
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World’s region 
𝐺𝑈 low 

(2005 USD) 

𝐺𝑈 high 

(2005 USD) 
𝑎𝐺𝐷𝑃 

𝐴∞ residential 

(m2/person) 

𝐴∞ commercial 

(m2/person) 

SSA 22,000 30,000 0.04 40 1.4 

MENA 22,000 35,000 0.04 40 4 

CPA 27,000 45,000 0.06 40 5.4 

SPA 22,000 40,000 0.06 40 2.2 

Table 2-3. Saturated GDP per capita (𝑮𝑼) for the high and low scenarios, mean annual growth rate of GDP per 

capita (𝒂𝑮𝑫𝑷) and saturated floor area per person for residential and commercial buildings (𝑨∞) for the world’s 

regions. World’s regions are Pacific Asia OECD (PAO), North America (NAM), Western Europe (WEU), 

Eastern Europe (EEU), Former Soviet Union (FSU), Latin America (LAM), Sub-Saharan Africa (SSA), Middle 

East and North Africa (MENA), Centrally-planned Asia (CPA) and South and Pacific Asia (SPA). USD: US 

Dollar. Data collated from Harvey (Harvey, 2014). 

2.3.4. Results 

The results presented hereafter are based on all newly constructed buildings in the world 

achieving energy efficiency levels of either LEED or Passivhaus standards (see Section 

2.3.3.1.1 for details). For the existing building stock, it was assumed that it will undergo a 

retrofit that reduces its Energy Use Intensity (EUI – i.e., energy consumption per unit floor 

area, measured in kWh/m2•year) by 30% (see Section 2.3.3.1.2 for details). The results show 

that neither the LEED nor Passivhaus standard enable the world’s building stock to meet the 

targets stipulated by Target 2°C under either the high-growth or low-growth scenarios 

(details of which are provided in Section 2.3.3.2).  

Figure 2-4 shows the GBAE and the GBEP for both the LEED and Passivhaus approaches 

under a low growth scenario (results for the high growth scenario can be found in Section 

2.3.9.2). Under the LEED-approach, the GBAE breaches the Target 2°C limit in 2027, 

compared to 2028 for the more efficient Passivhaus-approach (see Section 2.3.3.1.1 for 

details). Although the GBAE declines slowly after 2047 under both approaches, the Target 

2°C limit is exceeded by 7.7% and 11.8%, for the low-growth and high-growth scenarios 

respectively, under the LEED-approach. Comparatively, under the Passivhaus-approach, the 

limit is exceeded by 3.0% and 6.1%, respectively, for the low-growth and high-growth 

scenarios.  

The GBEP, on the other hand, never achieves the Target 2°C threshold (3.5 

MWh/person•year) under either LEED or Passivhaus. While it declines after 2034 under the 

LEED-approach and continues to do so for the duration of the model, the GBEP still exceeds 

Target 2°C threshold at 2060 by 15.5% and 20.1% for the low-growth and high-growth 

scenarios respectively. For the Passivhaus-approach, the threshold is exceeded by 10.2% and 

13.7% at the end of the modelling period, for the low-growth and high-growth scenarios, 

respectively.  
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The failure to achieve Target 2°C limits for both the LEED and Passivhaus approaches 

reflects the enormous growth of global floor area, coupled with the projected increases in per 

capita income of developing countries. A comprehensive overview of the model’s results is 

provided in Section 2.3.9.2, with results for each country detailed for both low and high 

growth scenarios. 

 

Figure 2-4. The global building stock annual final energy consumption (GBAE) and global average annual final 

building energy consumption per person (GBEP) for the LEED-approach and the Passivhaus-approach under a 

low-growth scenario, along with the relevant Target 2°C limits. PWh: Petawatt hours, kWh: Kilowatt hours. 

Equivalent plots for the high-growth scenario can be found in Section 2.3.9.2. 

2.3.5. Conclusion and Policy Implications  

Using a dynamic stock-driven model, this paper assesses, for the first time, the possibility of 

achieving the building sector’s Paris Agreement deliverables (as defined by the IEA) under 

the optimistic standpoint that, from 2017, all new buildings worldwide will have energy 

efficiency levels matching those required by high efficiency building energy standards: 

LEED and Passivhaus, and additionally that all existing buildings will be retrofitted to 

current best practices. These deliverables are based upon IEA’s 2DS pathway, which 

indicates two quantitative thresholds – referred to as Target 2°C in this paper – that are 

required to be met by the buildings sector in order to limit global temperature rise below 

2°C. The results of the model show that neither LEED nor Passivhaus are likely to achieve 

either one of the identified thresholds, due to the projected growth in floor area and 

associated energy consumption.  
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Furthermore, the IEA stipulates as part of the 2DS pathway that energy demand (GBAE) will 

continue to increase to ~36 PWh in 2045 and will then remain relatively constant through to 

2060 (IEA, 2017b). We should also remember that the IEA’s 2DS pathway assumes an 

optimistic decarbonisation of the energy supply and, therefore, if the decarbonisation of the 

energy supply is slower than depicted in the 2DS pathway then even greater efficiency levels 

in the buildings sector will be required (although the opposite is also true). We see that the 

results for the low growth scenario depicted in Figure 2-4 not only exceed the target limits, 

but the GBAE shows no sign of meeting the target by 2060. The importance of this finding 

lies in that the expectation of achieving our climate change targets through existing building 

energy standards and their typical progression is not merited, given that: a) the energy 

efficiency levels of the standards considered are comparable to the current state of the art, 

which are well beyond typical practice, and; b) the highly optimistic assumptions of the 

model (see sections 2.3.3.1.1 and 2.3.3.1.2). While LEED and Passivhaus play a significant 

role in reducing the energy consumption of the buildings sector they are insufficient to meet 

the Target 2°C limits. Thus, it seems highly unlikely that we will be able to achieve the 

building sector’s climate change mitigation targets. For our best-practice standards (and by 

extension building codes/regulations) to play their part, they need be reverse-engineered 

from global targets and account for socioeconomic trends in order to counter the sector’s 

projected growth. These, then, need to be adopted at an unprecedented rate, in order to give 

the building sector any chance of playing its part in limiting the global temperature rise to 

2°C. Failing this, the world will need to look at other sectors of the economy to help 

counteract the inexorable carbon emissions from buildings.   
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2.3.9. Appendix  

2.3.9.1. Examining the 2DS scenario 

An examination of the IEA’s 2DS scenario shows significant disparities in the distribution of 

global energy consumption. The data shown in Figure 2-5 indicates that there will be 

continued disparity between the developed world and developing countries in terms of 

annual final energy consumption per capita. This is a measure of the expected rate of 

development that the IEA has assumed for various countries and the rate of efficiency 

improvements made in the developed world. In order to meet the required global target 

(dashed line in Figure 2-5) we see that there is considerable disparity between different 

nations, which would imply that the rate of efficiency improvement is the limiting factor.  

 

Figure 2-5. Comparison between the current and expected future annual final building energy consumption per 

person (GBEPs) in various parts of the world under IEA’s 2DS scenario, showing a significant gap between 

developed and developing countries. Data collated from Global Alliance for Buildings and Construction’s report: 

Towards Low-GHG and Resilient Buildings (Global Alliance for Buildings and Construction, 2016).  

In IEA’s 2°C scenario, the annual carbon emissions from the energy sector are reduced by 

70% from 2017 levels – meaning that they would be reduced from 35 GtCO2 to 10.5 GtCO2.  
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The average annual decarbonization rate (𝐷𝐶𝑎𝑟𝑟𝑎𝑡𝑒) can be calculated using Equation 2.14. 

For IEA’s 2°C scenario, the 𝐷𝐶𝑎𝑟𝑟𝑎𝑡𝑒 is equal to -2.83%, as shown in Figure 2-6.  

 𝐷𝐶𝑎𝑟𝑟𝑎𝑡𝑒 = (
𝐸𝑒𝑛𝑑

𝐸𝑠𝑡𝑎𝑟𝑡

)

1

𝑛
− 1 (2.14) 

Where 𝐸𝑒𝑛𝑑 and 𝐸𝑠𝑡𝑎𝑟𝑡 are CO2 emissions per unit of energy produced at end and start of 

comparison period (respectively), and 𝑛 is the number of years for the comparison period. 

The achieved 𝐷𝐶𝑎𝑟𝑟𝑎𝑡𝑒 for the period 2005 to 2015 in different countries/regions, as well as 

that needed according to IEA’s 2°C scenario, are shown in Figure 2-6.  

 

Figure 2-6. The average annual decarbonization rate of the power sector (𝐷𝐶𝑎𝑟𝑟𝑎𝑡𝑒) for various regions for the 

preceding recording period (2005 to 2015), with the rate assumed for IEA’s 2°C scenario 95.3× higher than the 

world’s average. OECD: Organisation for Economic Cooperation and Development. Data collated from IEA’s 

CO2 emissions from fuel combustion (IEA, 2019a).  

2.3.9.2. Detailed results of the model 

# Country 

𝐸𝐶𝐵𝑆2060 

(low-growth) 

(TWh/year) 

𝐸𝐶𝐵𝑆2060 

(high-growth) 

(TWh/year) 

BEP: 2060 

(low-growth) 

(MWh/person•

year) 

BEP: 2060 

(high-growth) 

(MWh/person•

year) 

1 Albania 14.03 14.26 6.53 6.65 

2 Algeria 184.44 200.63 2.80 3.03 

3 Angola 166.24 182.72 1.61 1.75 

4 Argentina 222.21 251.63 3.96 4.52 
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# Country 

𝐸𝐶𝐵𝑆2060 

(low-growth) 

(TWh/year) 

𝐸𝐶𝐵𝑆2060 

(high-growth) 

(TWh/year) 

BEP: 2060 

(low-growth) 

(MWh/person•

year) 

BEP: 2060 

(high-growth) 

(MWh/person•

year) 

5 Armenia 14.58 14.95 5.49 5.64 

6 Australia 225.43 225.43 6.53 6.53 

7 Austria 83.66 79.57 9.46 8.97 

8 Azerbaijan 53.41 54.96 4.99 5.14 

9 Bahrain 14.71 13.75 6.35 5.86 

10 Bangladesh 489.00 544.81 2.50 2.76 

11 Belarus 69.34 70.69 8.41 8.59 

12 Belgium 121.44 117.38 10.07 9.71 

13 Benin 33.55 33.99 1.11 1.12 

14 
Bolivia, Plurinational 

State of 

48.97 53.05 2.86 3.08 

15 Botswana 10.34 11.47 2.73 3.02 

16 
Bosnia and 

Herzegovina 

16.15 16.42 6.75 6.88 

17 Brazil 845.93 923.00 3.84 4.21 

18 Brunei Darussalam 3.13 3.00 6.64 6.37 

19 Bulgaria 32.91 33.55 6.83 6.99 

20 Cambodia 95.09 96.56 4.22 4.28 

21 Cameroon 91.16 93.49 1.48 1.51 

22 Canada 558.93 562.71 11.80 11.89 

23 Chile 75.18 86.56 3.80 4.41 

24 China 7,194.89 7,300.45 5.54 5.64 

25 Colombia 201.71 221.93 3.65 4.06 

26 Congo 21.68 22.33 1.64 1.68 

27 

Congo, The 

Democratic Republic 

of 

287.75 288.97 1.20 1.21 

28 Costa Rica 19.64 22.87 3.46 4.10 

29 Côte d'Ivoire 87.07 89.93 1.36 1.39 

30 Croatia 29.85 30.42 9.83 10.05 

31 Cuba 35.13 39.86 3.82 4.34 

32 Cyprus 5.65 6.10 4.21 4.56 

33 Czechia 99.15 103.18 9.63 10.07 

34 Denmark 61.94 61.94 9.86 9.86 

35 Dominican Republic 45.29 49.72 3.53 3.92 

36 Ecuador 80.79 86.76 3.32 3.57 

37 Egypt 455.95 477.11 2.52 2.62 
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# Country 

𝐸𝐶𝐵𝑆2060 

(low-growth) 

(TWh/year) 

𝐸𝐶𝐵𝑆2060 

(high-growth) 

(TWh/year) 

BEP: 2060 

(low-growth) 

(MWh/person•

year) 

BEP: 2060 

(high-growth) 

(MWh/person•

year) 

38 El Salvador 23.86 26.10 3.49 3.80 

39 Equatorial Guinea 5.51 6.76 1.64 2.00 

40 Estonia 12.91 13.54 11.99 12.64 

41 Ethiopia 445.18 449.03 1.88 1.89 

42 Finland 75.76 73.69 14.15 13.74 

43 France 598.49 584.87 9.06 8.83 

44 Gabon 15.81 16.84 3.65 3.87 

45 Georgia 17.81 18.32 5.40 5.55 

46 Germany 835.36 809.76 10.87 10.51 

47 Ghana 88.93 93.14 1.45 1.51 

48 Greece 54.66 56.10 6.62 6.81 

49 Guatemala 114.21 122.33 3.89 4.15 

50 Haiti 33.72 34.19 2.14 2.16 

51 Honduras 44.67 46.39 3.03 3.14 

52 
Hong Kong SAR, 

China 

54.97 54.97 7.05 7.05 

53 Hungary 81.13 82.79 10.22 10.46 

54 Iceland 7.57 7.57 20.34 20.34 

55 India 4,161.82 4,662.86 2.48 2.77 

56 Indonesia 1,139.60 1,249.08 3.41 3.76 

57 Iraq 186.95 207.23 2.26 2.50 

58 
Iran, Islamic Republic 

of 

654.98 677.97 6.28 6.50 

59 Ireland 40.11 40.11 7.09 7.09 

60 Italy 440.92 434.73 8.90 8.75 

61 Jamaica 10.06 11.67 3.56 4.09 

62 Japan 879.54 844.66 9.16 8.73 

63 Jordan 41.74 44.39 3.05 3.24 

64 Kazakhstan 133.55 138.71 5.33 5.56 

65 Kenya 181.59 186.63 1.73 1.77 

66 Korea, Republic of 421.38 407.54 10.05 9.73 

67 Kuwait 46.33 42.64 8.65 7.90 

68 Kyrgyzstan 37.11 37.55 3.77 3.81 

69 
Lao People's 

Democratic Republic 

41.97 42.65 4.38 4.46 

70 Latvia 16.61 17.10 12.17 12.58 

71 Lebanon 23.49 26.44 3.58 4.07 
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# Country 

𝐸𝐶𝐵𝑆2060 

(low-growth) 

(TWh/year) 

𝐸𝐶𝐵𝑆2060 

(high-growth) 

(TWh/year) 

BEP: 2060 

(low-growth) 

(MWh/person•

year) 

BEP: 2060 

(high-growth) 

(MWh/person•

year) 

72 Libya 25.19 28.20 2.92 3.27 

73 Lithuania 19.13 19.96 9.87 10.35 

74 Luxembourg 9.64 9.64 11.76 11.76 

75 Malaysia 133.76 155.77 3.26 3.85 

76 Mali 56.92 57.71 1.04 1.05 

77 Malta 1.87 2.03 4.58 4.98 

78 Mauritius 3.02 3.46 2.75 3.15 

79 Mexico 510.66 588.84 3.28 3.78 

80 Moldova, Republic of 18.79 19.13 6.22 6.33 

81 Montenegro 3.70 3.78 6.63 6.78 

82 Mongolia 19.79 20.11 4.22 4.30 

83 Morocco 143.91 150.99 3.03 3.17 

84 Mozambique 77.28 77.66 0.96 0.96 

85 Myanmar 178.94 190.97 2.83 3.00 

86 Namibia 7.70 8.80 1.69 1.92 

87 Nepal 130.91 135.46 3.75 3.86 

88 Netherlands 154.96 146.49 9.37 8.83 

89 New Zealand 32.54 29.48 5.80 5.21 

90 Nicaragua 26.92 27.83 3.04 3.13 

91 Niger 68.07 68.39 0.76 0.77 

92 Nigeria 1,284.95 1,311.57 2.66 2.70 

93 North Macedonia 10.54 10.73 6.20 6.32 

94 Norway 68.88 68.88 10.10 10.10 

95 Oman 58.84 61.40 8.16 8.54 

96 Pakistan 893.19 973.56 2.36 2.55 

97 Palestine, State of 25.20 26.77 2.49 2.64 

98 Panama 18.74 22.18 3.08 3.67 

99 Paraguay 33.95 36.13 3.62 3.85 

100 Peru 140.01 153.93 3.38 3.75 

101 Philippines 412.97 458.98 2.74 3.05 

102 Poland 272.03 278.20 8.90 9.13 

103 Portugal 38.71 40.59 4.64 4.88 

104 Qatar 25.97 25.97 6.56 6.56 

105 Romania 94.91 97.28 6.39 6.58 

106 Russian Federation 1,556.93 1,585.04 11.89 12.14 

107 Saudi Arabia 212.90 250.32 4.76 5.61 
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# Country 

𝐸𝐶𝐵𝑆2060 

(low-growth) 

(TWh/year) 

𝐸𝐶𝐵𝑆2060 

(high-growth) 

(TWh/year) 

BEP: 2060 

(low-growth) 

(MWh/person•

year) 

BEP: 2060 

(high-growth) 

(MWh/person•

year) 

108 Senegal 49.49 51.24 1.18 1.21 

109 Singapore 32.21 32.21 5.22 5.22 

110 Serbia 43.36 44.13 6.82 6.96 

111 Slovakia 35.01 36.38 7.53 7.87 

112 Slovenia 15.09 16.13 8.24 8.85 

113 South Africa 235.58 253.48 3.02 3.23 

114 Spain 218.01 235.27 5.41 5.86 

115 Sri Lanka 67.38 74.53 3.27 3.64 

116 Sudan 233.23 247.50 2.39 2.52 

117 Suriname 2.45 2.61 3.61 3.84 

118 Sweden 113.63 113.63 9.79 9.79 

119 Switzerland 85.61 85.61 8.65 8.65 

120 Tajikistan 51.90 52.74 2.72 2.76 

121 Tanzania 211.12 214.70 1.27 1.29 

122 Thailand 211.92 237.69 3.53 4.01 

123 Togo 23.87 24.03 1.30 1.30 

124 Trinidad and Tobago 5.48 6.34 4.35 5.10 

125 Tunisia 44.72 47.08 3.21 3.37 

126 Turkey 609.80 657.82 6.15 6.71 

127 Turkmenistan 82.24 85.99 10.00 10.43 

128 Uganda 118.25 119.17 1.11 1.12 

129 Ukraine 213.49 216.96 6.63 6.74 

130 United Arab Emirates 81.88 81.88 7.82 7.82 

131 United Kingdom 535.42 517.24 7.24 6.97 

132 United States 4,219.11 4,219.11 10.87 10.87 

133 Uruguay 13.26 15.53 3.72 4.39 

134 Uzbekistan 179.73 182.99 4.08 4.15 

135 Viet Nam 521.05 528.72 4.83 4.91 

136 Yemen 85.31 90.07 1.53 1.60 

137 Zambia 87.62 89.88 1.78 1.82 

138 Zimbabwe 86.61 87.68 3.26 3.29 

Table 2-4. The detailed results of the model, for the LEED-approach, for all 136 countries. The results show the 

annual building energy consumption at year 2060 (𝑬𝑪𝑩𝑺𝟐𝟎𝟔𝟎) for low-growth and high-growth scenario, and 

average building energy consumption per person (BEP) at year 2060 for low-growth and high-growth scenarios. 

TWh: Terawatt hours, MWh: Megawatt hours. 
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# Country 

𝐸𝐶𝐵𝑆2060 

(low-growth) 

(TWh/year) 

𝐸𝐶𝐵𝑆2060 

(high-growth) 

(TWh/year) 

BEP: 2060 

(low-growth) 

(MWh/person•

year) 

BEP: 2060 

(high-growth) 

(MWh/person•

year) 

1 Albania 13.86 14.05 6.43 6.52 

2 Algeria 166.86 179.70 2.54 2.72 

3 Angola 136.69 148.00 1.34 1.44 

4 Argentina 210.70 234.91 3.76 4.20 

5 Armenia 14.14 14.43 5.32 5.43 

6 Australia 218.08 218.08 6.30 6.30 

7 Austria 83.71 79.51 9.45 8.96 

8 Azerbaijan 51.08 52.27 4.77 4.88 

9 Bahrain 14.36 13.26 6.16 5.64 

10 Bangladesh 437.72 480.09 2.25 2.45 

11 Belarus 68.05 69.15 8.25 8.39 

12 Belgium 120.99 116.65 10.02 9.64 

13 Benin 29.40 29.70 0.98 0.99 

14 
Bolivia, Plurinational 

State of 

44.18 47.50 2.59 2.77 

15 Botswana 9.41 10.22 2.50 2.70 

16 
Bosnia and 

Herzegovina 

15.98 16.21 6.66 6.77 

17 Brazil 800.53 864.40 3.62 3.93 

18 Brunei Darussalam 3.12 2.93 6.59 6.19 

19 Bulgaria 32.73 33.34 6.76 6.90 

20 Cambodia 89.56 90.60 3.98 4.02 

21 Cameroon 80.32 81.89 1.32 1.34 

22 Canada 551.96 555.65 11.66 11.74 

23 Chile 72.01 81.65 3.63 4.14 

24 China 7,123.10 7,245.92 5.45 5.56 

25 Colombia 188.47 205.65 3.40 3.76 

26 Congo 19.09 19.52 1.46 1.49 

27 

Congo, The 

Democratic Republic 

of 

260.84 261.69 1.10 1.10 

28 Costa Rica 18.49 21.34 3.25 3.80 

29 Côte d'Ivoire 75.25 77.22 1.19 1.21 

30 Croatia 29.76 30.34 9.77 9.98 

31 Cuba 33.80 38.07 3.65 4.11 

32 Cyprus 5.55 5.94 4.13 4.42 

33 Czechia 97.99 101.72 9.51 9.90 
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# Country 

𝐸𝐶𝐵𝑆2060 

(low-growth) 

(TWh/year) 

𝐸𝐶𝐵𝑆2060 

(high-growth) 

(TWh/year) 

BEP: 2060 

(low-growth) 

(MWh/person•

year) 

BEP: 2060 

(high-growth) 

(MWh/person•

year) 

34 Denmark 61.61 61.61 9.80 9.80 

35 Dominican Republic 42.05 45.73 3.27 3.60 

36 Ecuador 73.58 78.13 3.03 3.22 

37 Egypt 407.88 422.74 2.27 2.34 

38 El Salvador 22.35 24.26 3.27 3.53 

39 Equatorial Guinea 4.65 5.55 1.39 1.65 

40 Estonia 12.89 13.47 11.96 12.54 

41 Ethiopia 416.25 419.15 1.77 1.78 

42 Finland 75.82 73.63 14.15 13.72 

43 France 596.74 580.48 9.02 8.75 

44 Gabon 14.62 15.30 3.39 3.54 

45 Georgia 17.26 17.60 5.24 5.34 

46 Germany 838.31 809.96 10.89 10.51 

47 Ghana 76.87 79.78 1.27 1.31 

48 Greece 55.19 56.51 6.67 6.84 

49 Guatemala 104.86 111.43 3.58 3.79 

50 Haiti 31.57 31.94 2.01 2.03 

51 Honduras 40.85 42.07 2.79 2.86 

52 
Hong Kong SAR, 

China 

55.05 55.05 7.05 7.05 

53 Hungary 80.50 82.16 10.11 10.34 

54 Iceland 7.55 7.55 20.28 20.28 

55 India 3,682.97 4,055.64 2.21 2.42 

56 Indonesia 1,037.63 1,120.34 3.11 3.37 

57 Iraq 160.60 175.97 1.96 2.14 

58 
Iran, Islamic Republic 

of 

629.99 646.83 6.04 6.20 

59 Ireland 39.70 39.70 7.00 7.00 

60 Italy 446.08 437.17 8.97 8.78 

61 Jamaica 9.51 10.98 3.35 3.83 

62 Japan 897.00 851.89 9.29 8.79 

63 Jordan 38.09 40.02 2.79 2.93 

64 Kazakhstan 126.34 130.70 5.04 5.23 

65 Kenya 163.38 166.90 1.57 1.60 

66 Korea, Republic of 427.28 404.76 10.15 9.63 

67 Kuwait 45.74 42.01 8.51 7.77 

68 Kyrgyzstan 34.79 35.10 3.55 3.58 
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# Country 

𝐸𝐶𝐵𝑆2060 

(low-growth) 

(TWh/year) 

𝐸𝐶𝐵𝑆2060 

(high-growth) 

(TWh/year) 

BEP: 2060 

(low-growth) 

(MWh/person•

year) 

BEP: 2060 

(high-growth) 

(MWh/person•

year) 

69 
Lao People's 

Democratic Republic 

39.64 40.16 4.13 4.19 

70 Latvia 16.58 17.05 12.12 12.50 

71 Lebanon 22.15 24.68 3.38 3.80 

72 Libya 23.14 25.64 2.68 2.97 

73 Lithuania 19.12 19.92 9.84 10.29 

74 Luxembourg 9.53 9.53 11.62 11.62 

75 Malaysia 124.55 142.86 3.03 3.51 

76 Mali 49.24 49.78 0.91 0.92 

77 Malta 1.88 2.02 4.60 4.95 

78 Mauritius 2.88 3.22 2.61 2.92 

79 Mexico 471.98 540.49 3.02 3.46 

80 Moldova, Republic of 18.56 18.81 6.14 6.22 

81 Montenegro 3.62 3.69 6.46 6.59 

82 Mongolia 18.53 18.80 3.95 4.01 

83 Morocco 133.03 138.12 2.81 2.91 

84 Mozambique 68.47 68.72 0.86 0.86 

85 Myanmar 163.64 171.93 2.60 2.72 

86 Namibia 6.51 7.31 1.44 1.61 

87 Nepal 123.72 126.74 3.56 3.63 

88 Netherlands 155.31 146.72 9.38 8.84 

89 New Zealand 31.81 28.58 5.65 5.04 

90 Nicaragua 24.87 25.50 2.82 2.88 

91 Niger 57.71 57.94 0.65 0.66 

92 Nigeria 1,181.20 1,197.66 2.47 2.50 

93 North Macedonia 10.33 10.49 6.05 6.16 

94 Norway 68.03 68.03 9.97 9.97 

95 Oman 57.66 59.32 8.00 8.25 

96 Pakistan 777.44 832.70 2.07 2.20 

97 Palestine, State of 22.19 23.30 2.21 2.31 

98 Panama 17.39 20.21 2.85 3.33 

99 Paraguay 31.28 32.93 3.34 3.51 

100 Peru 128.73 140.26 3.10 3.42 

101 Philippines 364.07 397.65 2.42 2.65 

102 Poland 270.00 276.20 8.80 9.03 

103 Portugal 39.21 40.92 4.68 4.89 
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# Country 

𝐸𝐶𝐵𝑆2060 

(low-growth) 

(TWh/year) 

𝐸𝐶𝐵𝑆2060 

(high-growth) 

(TWh/year) 

BEP: 2060 

(low-growth) 

(MWh/person•

year) 

BEP: 2060 

(high-growth) 

(MWh/person•

year) 

104 Qatar 25.50 25.50 6.44 6.44 

105 Romania 93.84 96.17 6.30 6.47 

106 Russian Federation 1,538.40 1,563.88 11.74 11.95 

107 Saudi Arabia 210.58 240.12 4.70 5.37 

108 Senegal 42.27 43.54 1.02 1.04 

109 Singapore 32.23 32.23 5.21 5.21 

110 Serbia 42.93 43.60 6.73 6.85 

111 Slovakia 34.67 36.02 7.44 7.75 

112 Slovenia 15.01 15.96 8.18 8.73 

113 South Africa 217.32 229.74 2.79 2.94 

114 Spain 220.74 235.94 5.46 5.85 

115 Sri Lanka 62.09 67.67 3.00 3.29 

116 Sudan 203.18 213.33 2.10 2.19 

117 Suriname 2.28 2.39 3.35 3.53 

118 Sweden 112.62 112.62 9.70 9.70 

119 Switzerland 84.92 84.92 8.57 8.57 

120 Tajikistan 47.22 47.93 2.49 2.52 

121 Tanzania 185.11 187.60 1.13 1.14 

122 Thailand 200.41 222.45 3.32 3.72 

123 Togo 21.73 21.83 1.19 1.19 

124 Trinidad and Tobago 5.36 6.11 4.24 4.89 

125 Tunisia 41.65 43.36 2.99 3.11 

126 Turkey 596.61 643.29 6.00 6.55 

127 Turkmenistan 79.78 83.25 9.70 10.09 

128 Uganda 105.83 106.47 1.00 1.01 

129 Ukraine 210.92 213.49 6.55 6.63 

130 United Arab Emirates 81.84 81.84 7.80 7.80 

131 United Kingdom 530.24 509.78 7.16 6.86 

132 United States 4,177.11 4,177.11 10.77 10.77 

133 Uruguay 12.78 14.70 3.58 4.14 

134 Uzbekistan 169.38 171.68 3.85 3.90 

135 Viet Nam 500.36 506.30 4.63 4.69 

136 Yemen 75.85 80.09 1.36 1.42 

137 Zambia 78.15 79.72 1.61 1.63 

138 Zimbabwe 81.91 82.58 3.10 3.12 

Table 2-5. The detailed results of the model, for the Passivhaus-approach, for all 136 countries. The results show 
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the annual building energy consumption at year 2060 (𝐸𝐶𝐵𝑆2060) for low-growth and high-growth scenario, and 

average building energy consumption per person (BEP) at year 2060 for low-growth and high-growth scenarios. 

TWh: Terawatt hours, MWh: Megawatt hours. 

 

 

Figure 2-7. The global building stock annual final energy consumption (GBAE) and global average annual final 

building energy consumption per person (GBEP) for the LEED-approach and the Passivhaus-approach under a 

high-growth scenario, along with the relevant Target 2°C limits. PWh: Petawatt hours, kWh: Kilowatt hours. 

2.3.9.3. Selection of countries  

A justification for the omittance of some countries from the model is provided in Table 2-6.  

# Country Reason for omittance 

1-56 

Afghanistan; American Samoa; Andorra; Anguilla; 

Antigua and Barbuda; Aruba; Bahamas; Barbados; 

Belize; Bermuda; Bhutan; Bonaire, British Virgin 

Islands; Burkina Faso; Burundi; Cabo Verde; 

Cayman Islands; Central African Republic; Chad; 

Channel Islands; Comoros; Cook Islands; Djibouti; 

Dominica; Eswatini; Falkland Islands; Faroe 

Islands; Fiji; French Guiana; French Polynesia; 

Gambia; Grenada; Guadeloupe; Guam; Guinea; 

Guinea-Bissau; Guyana; Holy See; Isle of Man; 

Kiribati; Lesotho; Liberia; Liechtenstein; Macao 

No data available in IEA’s 

2019 World energy 

balances(IEA, 2019d) 
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# Country Reason for omittance 

SAR of China; Madagascar; Malawi; Maldives; 

Marshall Islands; Martinique; Mauritania; Mayotte; 

Micronesia, Federal States of; Monaco; Montserrat; 

Nauru; New Caledonia; Niue; Northern Mariana 

Islands; Palau; Papua New Guinea; Puerto Rico; 

Réunion; Rwanda; Saint Barthélemy; Saint Helena; 

Saint Kitts and Nevis; Saint Lucia; Saint Martin 

(French part); Saint Pierre and Miquelon; Saint 

Vincent and the Grenadines; Samoa; San Marino; 

Sao Tome and Principe; Seychelles; Sierra Leone; 

Sint Eustatius and Saba; Sint Maarten (Dutch part); 

Solomon Islands; Somalia; China, Taiwan Province 

of China; Timor-Leste; Tokelau; Tonga; Turks and 

Caicos Islands; Tuvalu; United States Virgin 

Islands; Vanuatu; Wallis and Futuna Islands; 

Western Sahara 

57 Gibraltar 

No data available for 

category Residential in 

IEA’s 2019 World energy 

balances(IEA, 2019d) 

58 Curaçao 

No data available for 

category Commercial and 

public services in IEA’s 

2019 World energy 

balances(IEA, 2019d) 

59-64 

Eritrea; Greenland; Korea, Democratic People's 

Republic of; South Sudan; Syrian Arab Republic; 

Venezuela, Bolivarian Republic of 

No data available in World 

Bank’s data on Gross 

Domestic Product (GDP) per 

capita(GDP per capita 

(current US$), 2020) 

Table 2-6. Justification for omitting some countries from the model. 
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2.3.9.4. Average Annual Reduction Rates (AARRs) and projected EUIs for 

ASHRAE climate zones 

ASHRAE climate 

zone 
AARR rate 

EUI: first 

generation 

(kWh/m2•year) 

EUI: second 

generation 

(kWh/m2•year) 

EUI: third 

generation 

(kWh/m2•year) 

1A 2.22% 72.56 57.98 46.34 

2A 2.60% 74.76 57.44 44.13 

2B 2.49% 74.13 57.59 44.73 

3A 2.67% 76.50 58.37 44.53 

3B 2.27% 70.82 56.30 44.75 

3C 2.11% 69.40 56.10 43.27 

4A 2.17% 81.07 65.09 52.26 

4B 1.94% 83.60 68.76 56.55 

4C 2.02% 75.08 61.24 49.95 

5A 2.22% 88.17 70.42 56.24 

5B 2.00% 83.44 68.20 55.74 

6A 2.33% 101.89 80.49 63.57 

6B 2.17% 93.53 75.09 60.28 

7 2.51% 113.72 88.19 68.39 

8 2.08% 104.89 84.98 68.85 

Table 2-7. The Average Annual Reduction Rates (AARRs) for different climate zones calculated by comparing 

reductions in EUIs achieved by ASHRAE 90.1-2016 over ASHRAE 90.1-2013. The table also shows the EUIs 

achieved under ASHRAE 90.1-2016 (reduced by 50%) for different climate zones (data collated from US 

Department of Energy (2017b)), and the projected EUIs for the second and third generations. As noted in the 

main text, the EUIs of climate zone 3C have been adopted under the LEED-approach for the first, second and 

third generations.   
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2.3.9.5. Resultant EUIs for Net-Zero Energy Buildings (NZEBs) in the US 

The EUIs for NZEBs in the US are shown in Table 2-8. The data is collated from 

Harvey(Harvey, 2013), which was taken from(Hewitt and Hobart, 2012), and is based on 

measured/calibrated simulation energy usage. While the final energy consumption of these 

buildings is close to zero, on-site generated energy has been included in computing the EUI. 

The figures shown below represent the total energy consumption (i.e., purchased + on-site 

generated). This was done to avoid any double counting given that, as shown under Section 

2.3.2 of the paper, IEA’s 2°C scenario is based on an inherent assumption of the 

decarbonization of energy supplied to buildings, which will include energy export from 

NZEBs.  

Location Building typology EUI (kWh/m2.year) 
ASHRAE Climate 

Zone 

Kailua-Kona, HI Office 87 1A 

Baraboo, WI Office 49 5A 

San Jose, CA Office 78 3C 

Rhinebeck, NY Office 41 5A 

Lakeland, FL Office 142 2A 

Golden, CO Office 110 5B 

Berlin, OH Education 102 5B 

Rohnert Pk, CA Education 7 3C 

Woodside, CA Education 30 3C 

Eureka, MO Education 77 4A 

Kamuela, HI Education 35 1A 

Bowling Green, KY Education 57 4A 

Oregon Education 62, 75 4C 

Oregon Education 75d 5B 

Los Angeles, CA Recreation 29 3B 

Putney, VT Recreation 31 6A 

Chrisney, IN Library 48 4A 

Los Angeles, CA 
Interpretation 

centre 

54 
3B 

St Paul, MN 
Interpretation 

centre 

56 
6A 

Rhinebeck, NY 
Interpretation 

centre 

66 
5A 

Newport, CA Assembly 56 3B 

Salem, OR Assembly 30 4C 

Table 2-8. EUIs for Net-Zero Energy Buildings (NZEBs) across various climate zones in the US. Hawaii (HI), 

Wisconsin (WI), California (CA), New York (NY), Florida (FL), Colorado (CO), Ohio (OH), Missouri (MO), 

Kentucky (KY), Vermont (VT), Indiana (IN), Minnesota (MN), Oregon (OR). 
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CHAPTER 3. A REVIEW OF BUILDING STOCK ENERGY MODELS 

(BSEMS) 

3.1. Introduction  

The modelling exercise conducted in Chapter 2 has demonstrated the limited success of 

state-of-the-art building energy codes in reducing the sector’s energy consumption to levels 

consistent with a 2DS climate change trajectory. The chapter has argued that, for building 

energy codes to achieve that goal, they must be devised based on that goal and take into 

account the socioeconomic transformation that the global buildings sector will undergo. 

Consequently, this chapter looks at one technique – i.e., Building Stock Energy Models 

(BSEMs) – that has the potential to facilitate that aim.  

BSEMs can be broadly divided into two types according to the methodology they follow. 

The first type is top-down BSEMs, which work on deriving relationships between the 

aggregated total energy consumption of the sector and various economic factors (such as 

GDP per capita and fuel prices) as well as technological factors (such as degree of saturation 

– i.e., how far the current level of energy service is from the maximum that consumers may 

demand – and new technologies). The second type is bottom-up BSEMs, which start from 

estimating energy consumption at the individual building level and extrapolate that to 

represent a portion of the sector (e.g., residential buildings) or the entire sector (Kavgic et al., 

2010). Top-down models can be further divided into two types: 1) econometric models, 

which are based on factors such as income levels and price of energy services and; 2) 

technological models, which utilise variables such as technological progress (i.e., 

improvements in energy efficiency) and appliances’ ownership trends (Swan and Ugursal, 

2009; Kavgic et al., 2010). Bottom-up BSEMs can also be divided into two groups: 1) 

statistical models, which make use of historical data and surveys to formulate a relationship 

between characteristics of a building and its energy consumption; and 2) engineering 

(physics) models which calculate the energy consumption of individual end uses within a 

building based on occupancy schedules, power ratings and thermodynamic interactions 

(Swan and Ugursal, 2009). 
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Each of these modelling techniques – i.e., top-down and bottom-up – have their distinct set 

of advantages and disadvantages. For instance, the main advantage of top-down models is 

their minimal data input requirements – relative to bottom-up models – which are often 

readily available in national statistics (Swan and Ugursal, 2009; Martinez Soto and Jentsch, 

2016). Another advantage is their inclusion of important socioeconomic factors that affect a 

stock’s energy consumption and which are often disregarded in bottom-up models. This 

includes price of energy services (in the case of an econometric top-down model) and trends 

in appliance ownership (in the case of a technological top-down model). In terms of 

disadvantages, given top-down models’ reliance on aggregate-level data, they are unable to 

assess the stock-level effect of specific policy interventions – e.g. thermal insulation and 

heating/cooling systems upgrades (Brøgger and Wittchen, 2018; Braulio-Gonzalo et al., 

2016; Swan and Ugursal, 2009). Conversely, due to the utilisation of thermodynamic 

calculations, the main advantage of bottom-up models is their ability to predict the effect of 

different energy upgrades on different building typologies, which makes them more suitable 

than top-down models in devising future building energy codes. The main drawback of this, 

however, is the reliance of bottom-up models on detailed inputs which may not always be 

available, as well as the complex calculation techniques that are used (Swan and Ugursal, 

2009; Martinez Soto and Jentsch, 2016; Lim and Zhai, 2017). The other disadvantage of 

bottom-up models is that they often do not consider socioeconomic factors (such as levels of 

income and elasticity of demand) that influence buildings’ energy consumption (Lim and 

Zhai, 2017).  

While numerous studies have been conducted to evaluate BSEMs (Braulio-Gonzalo et al., 

2016; Brøgger and Wittchen, 2018; Kavgic et al., 2010; Lim and Zhai, 2017; Martinez Soto 

and Jentsch, 2016; Swan and Ugursal, 2009), there appear to be certain aspects that were not 

sufficiently examined by these reviews. For instance, seldom was there a discussion of the 

validity of the BSEM’s energy-calculation method, or the level of scrutiny that that method 

has been subjected to. Also missing from the reviews is the competence of BSEMs to devise 

energy policies that can stabilise the sector’s energy consumption in the face of the 

considerable changes that developing countries are projected to undergo in the near future. 

For example, the immense growth in population and floor area (United Nations, 2019b; IEA, 

2017a), as well as the manifold increase in per capita income levels (IEA, 2013).  

The purpose of this chapter, therefore, is to contribute to existing literature by addressing the 

aforementioned research gaps. As is evident from the above brief review, both top-down and 

bottom-up models include features that are vital for the development of effective future 

building energy policies. Accordingly, this chapter considers both techniques, arguing for the 

necessity of a ‘hybrid’ approach to achieve the sector’s required energy use reduction. The 
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chapter first discusses the different energy modelling methodologies implemented in various 

BSEMs and provides an overview on their validity in Section 3.2. This is followed by a 

review of the various socioeconomic factors affecting energy use in buildings in Section 3.3, 

and how well these were incorporated into BSEMs. Towards the end, the case is made for 

BSEMs to be able to devise bespoke energy policies for each country, which are reverse-

engineered from global climate change agreements and the socioeconomic changes that a 

country is expected to undergo.  

3.2. Modelling the physical attributes1 

3.2.1. Thermodynamic modelling of buildings 

One aspect where BSEMs differ greatly is the methodology in which various thermodynamic 

interactions occurring within a building are modelled. Broadly speaking, BSEMs usually 

utilize one of three modelling methodologies. The first methodology is referred to as steady-

state modelling – that is, where the effects of thermal mass and capacitance are not fully 

integrated into the model (ASHRAE, 2017, p.19.28). Examples of procedures and models 

that are based on steady-state modelling include the International Organization for 

Standardization (ISO) standard 13790:2008 quasi-steady state monthly method (ISO, 2008, 

p.15), which forms the basis for various simplified building energy calculation tools such as 

the Building Research Establishment’s Domestic Energy Model (BREDEM) (BRE, 2013; 

Henderson and Hart, 2015) and the Standard Assessment Procedure (SAP), which in turn is 

predominantly based on BREDEM (BRE, 2014; Stone et al., 2014). Both BREDEM and 

SAP were implemented by several researchers as the energy engine for their BSEMs, such as 

the Johnston model (2003), the DECarb model by Natarajan and Levermore (2007), the UK 

Domestic Carbon Model (UKDCM) by Boardman (2007), the Energy and Environmental 

Prediction (EEP) model by Jones, Patterson, and Lannon (2007), the Community Domestic 

Energy Model (CDEM) by Firth, Lomas, and Wright (2010) and the Domestic Energy and 

Carbon Model (DECM) by Cheng and Steemers (2011). Other models such as the Built-

 

 

1 Initially, this PhD research had envisioned an additional objective, which was to devise the performance 

specifications (e.g., U-values and coefficients of performance for heating and cooling equipment) for each 

climate zone within each of the 138 countries, such that the country’s required EUI under a 2DS and B2DS 

climate change trajectory is achieved. Therefore, a review of the energy engines used in various BSEMs was 

necessary and was therefore provided. However, due to time constraints, this objective has not been carried out. 

Nonetheless, as this chapter provides a review of BSEMs, and given that energy engines are an important 

component of these BSEMs, this section has been kept for reference.  
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Environment Analysis Model (BEAM) by Bettgenhauser and Hidalgo (2013) and the 

Energy, Carbon and Cost Assessment for Building Stocks (ECCABS) model by Mata, 

Kalagasidis, and Johnsson (2013) are also based on the a steady-state calculation 

methodology, namely the aforementioned ISO 13790:2008 standard. 

The second methodology is dynamic modelling, which accounts for the thermal mass of the 

building and includes effects such building warm-up or cool-down periods (ASHRAE, 2017, 

p.19.28). Examples of BSEMs that use a dynamic energy engine include the Huang and 

Brodrick (2000) model, which uses DOE-2.1E (James J. Hirsch & Associates, 2016); the 

REMA model by Tuominen, Holopainen, Eskola, Jokisalo, and Airaksinen (2014) which 

uses IDA-ICE 4.2 (EQUA, 2020); the Braulio-Gonzalo et al. (2016) model which uses 

DesignBuilder (DesignBuilder, 2020a); and the Cerezo Davila et al. (2016) and Alves et al. 

(2018) models, both of which use EnergyPlus (EnergyPlus, 2020).  

The third and last methodology is the Heating and Cooling Degree Days (HDDs and CDDs) 

method. A degree day measures by how many degrees, on a given day, the average daily 

temperature is below (for HDDs) or above (for CDDs) a base temperature – defined as the 

temperature below which a building requires heating, and above which it requires cooling. 

To compute the heat load of a building (i.e., the amount of heating energy input or cooling 

energy extraction), the degree days are summed over a year, and then multiplied by the heat 

loss coefficient of a building (ASHRAE, 2017, p.19.6). The HDDs and CDDs method is 

often implemented by BSEMs that cover a relatively large geographical area, such as 

Harvey’s (2014) model and the Centre for Climate Change and Sustainable Energy Policy 

High Efficiency Buildings (3CSEP-HEB) model by Ürge-Vorsatz et al. (2012), both of 

which cover the global buildings sector.  

In the following sections 3.2.2 and 3.2.3, an appraisal is made between the aforementioned 

modelling methodologies, in terms of both their validation as well as their capacity to devise 

effective building energy codes.  

3.2.2. Steady-state versus dynamic modelling  

A few studies have been conducted to compare the outcomes of steady-state and dynamic 

simulation tools. For example, Kokogiannakis, Strachan and Clarke (2008) compared the 

outcomes of ISO’s 13790: 2007 quasi-steady state calculation method, its simplified hourly 

method, and dynamic simulation programs – namely ESP-r and EnergyPlus – for three 

locations: Amsterdam, Aberdeen and Athens. The results showed a deviation of up to 169% 

in the annual heating energy between the quasi-steady state method and dynamic simulation 
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programs (Kokogiannakis et al., 2008)1. Badiei (2018) showed that steady-state models 

BREDEM and SAP can overestimate space heating demand by more than 18% when 

compared to dynamic simulation tools EnergyPlus and ESP-r.  

While these dynamic simulation tools do not represent the “truth” with regards to physical 

interactions occurring within a building, they have been subjected to both comparative (i.e., 

where the results of a program are compared to those of other programs) and empirical 

validation tests (i.e., where the results of a program are compared to monitored data from a 

real-life experiment). For instance, EnergyPlus – and DesignBuilder that is based upon it – 

as well as IDA-ICE (all used in several BSEMs, as discussed under Section 3.2.1) have 

undergone comparative testing in accordance with the American Society of Heating, 

Refrigerating and Air-Conditioning Engineers (ASHRAE) Standard 140 – one of the most 

rigorous and widely-used software validation procedures worldwide (Judkoff and Neymark, 

2013). These programs achieved satisfactory results – that is, their results were within the 

spread of results for the eight programs they were compared against, for the majority of 

tested cases (Henninger and Witte, 2015; Matthias, 2000; DesignBuilder, 2020b). With 

regards to empirical testing, both EnergyPlus and IDA-ICE were investigated as part of 

IEA’s Solar Heating and Cooling (SHC) Program Task 34C and IEA’s Energy in Buildings 

and Communities (EBC) Program Subtask 4A (Loutzenhiser et al., 2007; Strachan, Svehla, 

Kersken, et al., 2016; Strachan, Svehla, Heusler, et al., 2016). Additionally, the ESP-r 

software , used in the aforementioned Kokogiannakis et al. (2008) study, has been tested as 

part of IEA’s Energy Conservation in Buildings and Community System (BCS) Annex 21 

Subtask C, and its SHC Task 12 Subtask B (Lomas et al., 1997).  

On the other hand, steady-state modelling methods and tools – such as the aforementioned 

ISO 13790 monthly method, BREDEM and SAP – have not undergone a similar level of 

testing and validation. For instance, the empirical testing methodology that was performed 

for BREDEM (Dickson et al., 1996) is inferior to that of ASHRAE 140 in that it does not 

test a software’s ability model critical parameters such as thermal mass and shading – both of 

which have been shown to significantly affect a building’s heating demand (van den Brom et 

al., 2018; Palmero-Marrero and Oliveira, 2010). Moreover, the validation methodology used 

does not test a software’s space cooling demand estimation (Lomas, 1996).  

 

 

1 This was calculated from Table 1 of (Kokogiannakis et al., 2008) for the climate of Athens, where the monthly 

ISO 13790 method yielded an annual heating energy consumption of 14.0 kWh/m2•year, while EnergyPlus 

yielded 5.2 kWh/m2•year – resulting in a difference of 169%.   
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Another example is the ECCABS model (Mata et al., 2013). The researchers who developed 

the model assert that its energy engine has been validated both comparatively and 

empirically in accordance with IEA’s Building Energy Simulation Test and Diagnostic 

Method (BESTEST) (Judkoff and Neymark, 1995), upon which the aforementioned 

ASHRAE Standard 140 is based (Judkoff and Neymark, 2013). However, when discussing 

the evidence for that assertion, the researchers compare the outcomes of model’s energy 

engine against that of tools that have been validated against said procedure, but fail to show 

how the model’s energy engine itself has undergone that validation procedure (Mata et al., 

2013).  

3.2.3. Heating Degree Days (HDDs) and Cooling Degree Days (CDDs) 

method 

The HDDs and CDDs method is a simple and quick way to estimate a building’s heating and 

cooling requirements, with relatively less inputs needed compared with the aforementioned 

steady-state1 and dynamic methods. However, the method has received considerable 

criticism with regards to its ability to accurately predict a building’s energy consumption. 

For example, one of the main critiques of the method is its disregard for latent heat loads 

when computing the cooling energy consumption, as pointed out by Azevedo, Chapman, and 

Muller (2015), Krese, Prek, and Butala (2011) and Shin and Do (2016). Furthermore, 

ASHRAE’s Handbook: Fundamentals lists the various limitations of the method which 

include, in addition to disregarding the latent heat load, its disregard of solar gain, thermal 

mass, infiltration and ventilation rates, and thermostat settings (ASHRAE, 2017, p.19.6) – all 

of which have been shown to considerably affect a building’s energy consumption (Palmero-

Marrero and Oliveira, 2010; van den Brom et al., 2018; Jokisalo et al., 2009; Friess et al., 

2017).  

Of most relevance to this research is the way in which the HDDs and CDDs method is 

utilized in various BSEMs. In Harvey’s (2014) model, for instance, the lowest achievable 

EUI for space heating and cooling for various regions is derived in an increasing manner, 

starting from 0 kWh/m2•year for regions with 500 HDDs or less (for space heating) and 500 

CDDs (for space cooling), and increasing steadily until 5000 HDDs and 5000 CDDs, where 

a building’s total EUI is capped at 30 kWh/m2•year. A similar approach was taken for the 

 

 

1 Though, fundamentally, the HDDs and CDDs method is considered to be steady-state (ASHRAE, 2017, p.19.6).  



A review of Building Stock Energy Models (BSEMs) 

49 

 

3CSEP-HEB model by Ürge-Vorsatz et al. (2012), where the energy performance of 

advanced new buildings in each region was assumed to range from 15 to 30 kWh/m2•year, 

depending on the region’s HDDs and CDDs. Both models justify the above assumptions in 

that they are in-line with the German Passivhaus standard, which requires a building’s space 

heating and cooling energy demand to be less than or equal to 15 kWh/m2•year (Passive 

House requirements, 2015). However, certain studies have highlighted the difficulty of 

achieving these thresholds for all climate zones, especially in hot and humid regions. For 

example, in a study that aimed to show, through dynamic energy simulations, the possibility 

of achieving Passivhaus’ stringent requirement in all of the world’s climate zones, 

Schnieders, Feist, and Rongen (2015) conclude that, for Extremely Hot Humid1, the energy 

demand for cooling alone could reach 69 kWh/m2•year – at least double that assumed in 

Harvey’s (2014) and Ürge-Vorsatz et al. (2012) models. Therefore, it can be concluded that 

the expectations placed upon high-efficiency buildings in Harvey’s (2014) and Ürge-Vorsatz 

et al. (2012) models are somewhat unrealistic. This raises questions on the reliability of the 

results obtained from both models for certain regions, especially since these results are 

presented by both models as being based upon ‘existing technologies’.  

The other limitation of the method is its dependence on a base temperature – i.e., the 

temperature below which or above which a building would need active heating or cooling, 

respectively. The base temperature has been shown to vary greatly among different studies 

due to lack of standardization (Azevedo et al., 2015), and it is unclear which base 

temperature was used in BSEMs that used the HDDs and CDDs method to devise energy 

policies (Harvey, 2014; Ürge-Vorsatz et al., 2012). 

In summary, the HDDs and CDDs method is a quick and simple way to estimate a building’s 

heating and cooling demand, and has therefore been used in a number of BSEMs. However, 

its disregard of several important parameters – e.g., solar gain, thermal mass, and ventilation 

rates – would preclude it from being able to devise effective future building energy codes.  

3.2.4. Climatic data 

The selection of location-accurate and up-to-date weather data is crucial in ensuring the 

reliability of a building energy model’s outcome (T. Hong et al., 2013; Chiesa and Grosso, 

2015; Erba et al., 2017). Current BSEMs vary in the level of disaggregation applied when 

 

 

1 Following ASHRAE’s (2013) climate classification.  
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selecting weather data, especially for large-scale models – e.g., those covering the building 

stock of a country or a group of countries. For instance, in the CDEM model, the researchers 

state that all of the model’s 47 archetypes1 created to represent the English residential 

building stock were assigned one climate zone (Firth et al., 2010). This is despite BREDEM-

8 (the energy-engine of CDEM) having 12 built-in climate zones for England (Anderson, 

1997). Other BREDEM-based models such as the DECarb model and DECM appear to have 

applied further climate disaggregation: the DECarb model stipulates that UK’s climate has 

been divided into four regions: East, West, North and Scotland (Natarajan and Levermore, 

2007), whereas the DECM states that “regional climate data” was used for England (Cheng 

and Steemers, 2011), without clearly disclosing the resolution of that data. 

In BSEMs covering the global built environment, such as Harvey’s (2014) model and the 

3CSEP-HEB (Ürge-Vorsatz et al., 2012) model, it can be noted that a somewhat coarse 

climate resolution was implemented. For example, in Harvey’s (2014) model, the world is 

divided into 10 socioeconomic regions, each with distinct indicators such as GDP per capita 

and residential and commercial floor area per person, and countries are assigned the 

indicators of the region they belong to. But what is somewhat problematic about this division 

is that each of the 10 regions is assumed to be one climate zone. This disregards the vast 

climatic diversity occurring within a single region – for example, according to the Köppen-

Geiger climate classification, region Sub-Saharan Africa in Harvey’s (2014) model would 

have a total of 14 climate zones (Kottek et al., 2006). This shortcoming was addressed, to a 

certain extent, by Ürge-Vorsatz et al. (2012) in their 3CSEP-HEB model, where their 11 

socioeconomic regions where further ‘climatically’ disaggregated, resulting in a total of 17 

climate zones. In addition to the unrealistic estimation of achievable EUIs that this coarse 

disaggregation leads to (e.g., that an EUI of 30 kWh/m2•year is possible in hot and humid 

climates, as discussed in Section 3.2.3), it can also limit a model’s ability to devise effective 

building energy codes that are tailored to each country’s unique climatic characteristics. For 

instance, Friess et al. (2017) show that while increasing the thickness of external wall 

insulation reduces energy consumption for a building in an Extremely Hot Humid2 climate 

such as Dubai, United Arab Emirates (UAE), it increases the energy consumption for a 

 

 

1 In a BSEM, an archetype is a set of building properties – such as year of construction and typology – that are 

shared among a portion of buildings within a building stock. Its purpose is to divide the building stock into a set 

of representative average buildings – i.e., archetypes – that when combined with the portion of each can represent 

the entirety of that stock (Kavgic et al., 2010).  

2 Following ASHRAE’s (2013) climate classification. 
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building in a Warm Humid climate such as Malaga, Spain.  

Another limitation of current BSEMs is their disregard of an anthropogenic climate change 

effect when devising future policies. For example, BSEMs such as the Johnston model and 

the ECCABs model implement current weather data for their future projections (Johnston, 

2003; Mata et al., 2013). In their justification for omitting future weather data from their 

ECCABS model, Mata et al. (2013) postulate that such omittance is unlikely to have a 

“decisive impact” on the results obtained, however they do acknowledge that further work is 

needed to verify this postulation. To the author’s knowledge, only two BSEMs – the 

UKDCM (Boardman et al., 2005a) and the DECarb model (Natarajan and Levermore, 2007) 

– have integrated future weather data into their projections, which was based upon the UK 

Climate Impact Programme (UKCIP) (Hulme et al., 2002).  

Within current literature, the considerable impact that a changing climate will have on 

buildings’ energy consumption is evident. For instance, for Extremely Hot Humid1 climates 

such as Al Ain City, UAE, Radhi (2009) estimates an increase of up to 12% and 24% in the 

annual cooling energy consumption of residential buildings by 2050 and 2100, respectively. 

Frank (2005), on the other hand, estimates a 33% to 44% decrease in annual heating energy 

consumption for residential buildings, and a 223% to 1,050% increase in annual cooling 

energy consumption for office buildings located in Zurich-Kloten, Switzerland (classified as 

Cool and Humid under ASHRAE’s (2013) climate classification) for the period 2050 to 

2100. In a comprehensive study that covered a total of 20 climate regions (based on the 

Köppen climate classification), Crawley (2008) estimates that by the year 2100, the total 

energy consumption of office buildings in cold climates will decrease by a minimum of 10%, 

compared with an increase of 20% in tropical climates. The biggest change will occur in 

temperate climates, where a minimum reduction of 25% in heating energy consumption will 

be accompanied by a maximum of 15% increase in cooling energy consumption (Crawley, 

2008).  

3.3. How socioeconomic factors affect buildings’ energy demand  

Certain socioeconomic parameters have been shown to be strongly linked to buildings’ 

energy use. For example, in a study conducted for the English residential building stock, 

Cheng and Steemers (2011) concluded that over 85% of the variance in CO2 emissions and 

 

 

1 Following ASHRAE’s (2013) climate classification. 
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energy consumption of houses are explicable through the house’s typology (detached, semi-

detached, mid-terrace, end-terrace or flat) and the socioeconomic class1 of its household. 

Van den Brom et al. (2019) provide a comprehensive review of studies that examined the 

extent to which occupants’ characteristics (such as age of occupants, household size, and 

income level per household) are able to explain the variation in residential energy 

consumption. They concluded that such characteristics are able to explain from as little as 

4% to a significant 50%, with occupants’ age and level of income often cited as the most 

influential (van den Brom et al., 2019).  

Given that income per capita levels are projected to more than quadruple in developing 

countries by 2060 (as discussed in Section 2.3.1) and that a substantial portion of the existing 

building stock in developed countries must be retrofitted in order to achieve the sector’s 2DS 

and B2DS targets (IEA, 2017a), it is evident that any policy aiming to reduce the sector’s 

energy consumption must take into account the two socioeconomic phenomena associated 

with these aspects. Namely, the likely increase in energy demand as a result of increased 

income (i.e., income elasticity of demand) and the energy savings ‘taken back’ by consumers 

due to the reduction in the perceived price of an energy service after an efficiency upgrade 

(i.e., rebound effect). Accordingly, this section assesses by how much these two phenomena 

affect buildings’ energy consumption and the degree to which they have been incorporated 

into existing BSEMs.  

3.3.1. Income and consumption: A usually positive correlation 

The specific effect of rising income levels on building energy consumption has been 

discussed comprehensively in the existing literature, and is often quantified through 

computing the income elasticity of energy demand – i.e., the percentage change in the 

consumption of an energy end-use as a result of a 1% increase in income. For instance, 

Santamouris (2016) provides a review of current studies that estimate the income-elasticity 

of space cooling, and shows that this can range from as little as 0.11 to as high as 1.15 – that 

is, with every 1% increase in income, there is a 0.11% to 1.15% increase in space cooling 

energy consumption. Burke and Yang (2016) studied the income elasticity of natural gas 

 

 

1 The socioeconomic class of a household is based, in this case, on the classification implemented by the English 

House Condition Survey (EHCS) which, in turn, is based on the National Statistics Socio-Economic 

Classification (NS-SEC). It is an “occupationally based classification” which measures “employment relations 

and conditions of occupancy” (Department for Communities and Local Government, 2014; ONS, 2016).  
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consumption in households for 44 countries and estimated that, on average, it ranges from 

0.58 to 2.94. This increase in energy consumption is attributed to a desire for higher indoor 

temperature (for space heating) and higher ownership rates of air conditioning equipment 

(for space cooling), both of which increase as the level of income rises (Kelly et al., 2013; 

Vávra et al., 2015; Hamilton et al., 2017; Davis and Gertler, 2015). It must be noted, 

however, that other studies such as Santin (2013), which examines occupant behaviour in a 

Cool Humid1 climate (the Netherlands), find no correlation between level of income and 

preference for a higher indoor temperature, and rather attribute comfort levels to the 

efficiency of a dwelling (i.e., the more efficient a dwelling is, the higher the comfort that is 

demanded – this is further discussed in Section 3.3.2).  

For electricity consumption, Zhu et al. (2018) reviewed a total of 103 research articles and 

concluded that, for the short-run, income-elasticity of electricity is generally income-

inelastic (i.e., less than 1) and income-elastic (i.e., greater than 1) for the long-run. 

Importantly, they also highlight that this elasticity is higher in developing countries (0.4 for 

the short-run and 1.0 for the long-run) compared with developed ones (0.2 for short-run and 

0.9 for long-run).  

It is important to note here that energy economists state that this income-associated increase 

in energy consumption will not occur indefinitely – meaning that there is a “bliss point” 

below which the marginal utility2 of an energy service is positive and above which it is 

negative. For example, even with arbitrarily high incomes, it is unlikely that people will heat 

their homes above 27°C during winter or demand lighting levels higher than 700 lux for their 

living rooms. Limits such as these (27°C and 700 lux) are referred to as the saturated demand 

of an energy service – that is, the level of consumption that an energy service is unlikely to 

exceed (Eom et al., 2012). Within the buildings sector, researchers often consider the energy 

intensity level of developed countries to have reached saturation, while it is still far from 

reaching it in the developing world (Eom et al., 2012; Harvey, 2014; Chaturvedi et al., 

2014). However, this postulation is called into question – at least for residential energy 

demand – in light of the above literature where it was shown that the income elasticity of 

energy demand in developed countries (be it in the short-term or the long-term) is still far 

 

 

1 Following ASHRAE’s (2013) climate classification.  

2 The marginal utility is defined as the additional satisfaction (utility) gained from consuming one additional unit 

of goods or services. It is worth noting that the marginal utility is often declining – e.g., the first piece of cake 

often gives more utility (happiness) than the fourth piece.  
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from zero.  

Within current BSEMs, the integration of phenomena such as elasticity and saturation of 

energy demand varies greatly. For example, in BSEMs covering the global building stock 

such as the 3CSEP-HEB model (Ürge-Vorsatz et al., 2012), it is unclear if an allowance was 

made for the energy intensity for space heating and cooling of developing countries – which 

is still far from saturation – to reach that of developed countries before starting to decline as 

a result of retrofits and more stringent building energy codes. This is as opposed to Harvey’s 

(2014) model, where energy demand for space heating and cooling was allowed to increase 

with increasing income levels in countries where it has not yet reached saturation. Similarly, 

the Buildings sector model by the IEA (2016) assumes that an increase in the energy 

consumption of certain end-uses – such as domestic appliances, lighting and domestic hot 

water – will occur in developing countries as a result of rising income levels.  

For BSEMs conducted at the country-level, some make no mention of income elasticity or 

saturation of energy demand – such as (Mata et al., 2013; Coffey et al., 2009; Vásquez et al., 

2016; Bettgenhäuser and Hidalgo, 2013; Ren et al., 2012), while others incorporate these 

factors, to varying degrees, into their methodology. For example, in explaining the 

assumptions behind their model (UKDCM), Boardman et al. (2005a) make conflicting 

assumptions about the level of saturation reached for different end-uses. The model assumes 

that, even with the tightening of building energy codes, heating energy consumption will 

increase in the short-term due to lower-income households now being able to achieve higher 

comfort levels inside their dwellings. Contrastingly, the energy consumption of residential 

lighting and appliances is projected to halve by 2050, despite researchers showing that it has 

been increasing annually by 2% (on average) for the last 31 years due to increasing 

ownership rates. In their 40% House scenario (a scenario where CO2 emissions of the 

residential sector are reduced by 60% from 1996 levels by 2050), the researchers stipulate 

that that 50% reduction is only possible through a combination of improved efficiency and 

reduced ownership rates, but provide no clear pathway as to how the latter may be achieved.  

Another example is the model by Ó Broin et al. (2013), which examines the effect of 

efficiency policies on the European Union’s building stock up to the year 2050 and that 

integrates occupants’ affluence as one determinant of buildings’ energy consumption. 

Specifically, it assumes that under all of its three scenarios, and due to increases in floor area 

and standards of living, an annual increase of 1.2% and 1.1% will occur in the electricity 

demand for residential and non-residential buildings (respectively) until 2030.  

In their model that attempts to estimate the Indian building stock’s energy consumption by 

2095, Chaturvedi et al. (2014) assume that energy services within the Indian buildings sector 
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are still far from saturation. For instance, they estimate that, by the end of the century, the 

average number of air-conditioners per household will increase more than 10 times from less 

than 0.2 in 2005 to 3.0 in 2095.  

Lastly, in their analysis of the future development of the Chinese buildings sector, Zhou et 

al. (2018a) estimate that by 2050, and due to the growth of energy services demand as a 

result of rising income levels, the energy intensity of appliances (in kWh/m2•year) will 

increase by 55% for the residential sector and 298% for the non-residential sector under their 

most stringent Techno-Economic Potential scenario. This is despite an annual improvement 

rate of 4% in the energy efficiency of appliances over the same period (Zhou et al., 2018a).  

3.3.2. The rebound effect  

Another socioeconomic phenomenon that affects buildings’ energy use and is an important 

contributor to the performance gap is the rebound effect. This is where the energy savings 

achieved in reality are less than those calculated, due to the reduction in the perceived price 

of an energy service as a result of rising efficiency levels. The rebound effect can take two 

forms: 1) direct rebound effect, where the reduction in the perceived price of an energy 

service leads to a longer period of use and/or higher demand for that service; or 2) indirect 

rebound effect, where it leads to longer period of use and/or higher demand for other 

services (Labidi and Abdessalem, 2018). 

Within the buildings sector, the magnitude of the rebound effect varies greatly and can occur 

in developed and developing countries alike, although to varying degrees (Li et al., 2017). 

For example, a study conducted by Hass and Biermayr (2000), which compared the 

calculated energy savings versus those achieved for Austrian homes undergoing an envelope 

thermal retrofit, showed an average rebound of 30% for space heating – that is, 30% of the 

predicted energy savings were not achieved in reality. This could be explained by the notion 

that occupants in energy-efficient houses tend to prefer higher temperatures compared to 

those in energy-inefficient houses, as was highlighted by Santin (2013) and Sorrell, 

Dimitropoulos and Sommerville (2009). In a study of the impact of energy efficiency 

improvements in Australian households, the rebound was found to be considerably higher at 

92% (Peters and McWhinnie, 2018). Notably, the study also showed that the rebound effect 

is higher among lower-income households. This is explicable in that these households, 

relative to higher income households, have an energy consumption that is far from saturation 

levels (discussed in Section 3.3.1) and thus a decrease in the perceived price of energy 

services will lead to a higher increase in consumption. Sun (2018) studied the impact of 

purchasing Energy Star-certified dishwashers and air-conditioners on the energy 
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consumption of US’ households. The study concluded that while there was a negative 

rebound effect for dishwashers (i.e., energy savings were higher than predicted), a positive 

rebound effect (i.e., energy savings were lower than predicted) was observed for air-

conditioners. The study postulates that the positive rebound effect of air-conditioners is 

likely due to a higher frequency of use for the Energy Star-certified air-conditioner as a 

result of: A) its reduced running cost (direct rebound effect); B) the reduced running cost of 

other appliances (e.g., the dishwasher); or C) a combination of the two.  

Studies conducted in developing countries also note the presence of a rebound effect, with 

varying magnitudes. For example, Labidi and Abdessalem (2018) conducted a study that 

aimed to quantify the rebound effect in Tunisian dwellings after undergoing an energy 

retrofit, both with and without electricity subsidies. They concluded that it can be as high as 

82% when subsidies are present, compared with 72% when the subsidies are removed – 

highlighting the potential benefit of tariff reforms in mitigating the rebound effect (further 

discussed in Section 3.5 and Chapter 5). In a study that assessed the magnitude of the direct 

rebound effect within Chinese urban households after energy efficiency improvements, Li, J. 

Liu, and X. Liu (2017) estimate that it can range from a minimal 15% to a substantial 187%1. 

Importantly, they also derive an inverse 𝑈-shaped relationship between the average level of 

income per capita of a province and the magnitude of its direct rebound effect. Contrary to 

the aforementioned Peters and McWhinnie (2018) study, Li, J. Liu, and X. Liu (2017) 

showed that the highest rebound occurs in mid-income provinces (annual per capita income 

of USD 7,000), while the lowest occurs in provinces with extremely low (less than USD 

4,000) and extremely high (greater than USD 10,000) income per capita levels. 

An important observation about the rebound effect that relates to future building energy 

policies is that the more energy-efficient a dwelling is, the more energy it will consume in 

comparison with its predicted consumption, and vice versa. For example, in a study that 

compared theoretical and actual energy consumption of 200,000 dwellings in the 

Netherlands, Majcen, Itard, and Visscher (2013) showed that for dwellings with an Energy 

Performance Certificate (EPC) label “A” – i.e., dwellings considered to be the most energy-

efficient (Government of the Netherlands, 2020) – the mean actual primary energy 

consumption is 62% higher than that predicted by the EPC calculation tool. On the other 

hand, dwellings labelled “G” – i.e., the least energy-efficient – consumed, on average, 39% 

 

 

1 As explained in Section 1.3, a rebound effect that is greater than 100% indicates that the energy consumption of 

a service after an efficiency upgrade is now higher than that prior to the upgrade. 
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less primary energy than what was predicted. These findings were further supported by van 

den Brom, Meijer, and Visscher (2018) in their study that examined the energy consumption 

of 1.4 million social housing dwellings in the Netherlands. They showed that the actual gas 

consumption per m2 of floor area is 48% higher than predicted in label “A” dwellings, 

compared with 52% lower than predicted in label “G” dwellings. This could mean that, 

regardless of the efficiency of a dwelling, households will consume what they can afford to 

consume and confirms, to an extent, the large explanatory power that socioeconomic factors 

were shown to have for residential energy consumption (as discussed in Section 3.3). This 

highlights the importance of devising socioeconomic policies, in-parallel with technical 

regulations, to ensure that the anticipated energy savings are achieved in reality and that 

consumption is capped at sustainable levels – a demonstration of which is the topic of 

Chapter 5.  

Within current BSEMs, the majority of models do not consider the occurrence of a rebound 

effect when making projections of energy savings achievable through different policy 

measures. An example of this is IEA’s (2016) Buildings sector model, which justifies the 

exclusion of a rebound effect from its methodology in that the rebound is expected to be 

“dwarfed” through rising income levels and saturation of demand for energy services (IEA, 

2013). However, given that the income elasticity of demand is still far from zero even in 

developed countries (as shown in Section 3.3.1), such postulation is questionable.  

One of the few BSEMs that do consider the rebound effect is the DECM by Cheng and 

Steemers (2011) and the Zhou et al. (2018b) model. In the DECM, different energy upgrades 

are proposed for the existing English housing stock and, depending on the increased thermal 

comfort that is demanded as a result of these upgrades (i.e., the increase in thermostat set-

point temperature), the ‘realistic’ (as opposed to engineering-based) energy savings are 

estimated. For example, while adding insulation to the external wall could reduce a 

dwelling’s energy consumption by 10%, these savings would be negated (i.e., reduced to 

0%) if the internal temperature of the dwelling was to increase by just 1.2°C after the 

upgrade. This 1.2°C increase in internal temperature is plausible given that, as noted by 

Sorrell et al. (2009), the average rise in indoor temperatures of houses in the US and the UK 

after an energy retrofit is in the range of 0.4°C to 1.6°C. The model by Zhou et al. (2018b), 

on the other hand, predicts that due to several factors which include the rebound effect, only 

60% of the engineering-based energy savings are assumed to be achievable under the 

Aggressive Policy scenario. It is not entirely clear what this 60% was based on, especially 

given that, as discussed above, the rebound effect can eliminate 15% to 187% of 

engineering-based energy savings for Chinese urban houses (Li et al., 2017).  
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3.4. How valid are BSEMs? 

While some researchers (Boardman et al., 2005b; Firth et al., 2010; Cheng and Steemers, 

2011; Bettgenhäuser and Hidalgo, 2013; Coffey et al., 2009; Ó Broin et al., 2013; Charlier 

and Risch, 2012; Sartori et al., 2009) provide little evidence on the validity of their models’ 

output, others perform an ‘empirical validation’ on their BSEMs. That is, where the results 

of a model are compared against measured data. This is usually conducted through providing 

the BSEM with required inputs relating to the building stock – e.g., thermal performance of 

envelope, age and type of buildings, and number of household members – that are obtained 

from national statistics. The BSEM then processes these inputs and provides an estimate on 

the energy consumption and carbon emissions of a building stock at a given year. In BSEMs 

such as those developed by Johnston (2005), Coffey et al. (2009), Ren, Paevere, and 

McNamara (2012), and Mata et al. (2013), a specific year (or a range of years, as is the case 

with Natarajan and Levermore (2007)) for which measured data is available is first chosen, 

and the outcome of the BSEM for that year (or range of years) is then compared against 

national statistics. Depending on the deviation between the two, the validity of the BSEM is 

assessed.  

When closely examining this validation method however, two crucial flaws become evident. 

To help understand the first flaw, it is useful to borrow principles that are applied to the 

validation of building energy simulation programs. As is known, all models are a 

simplification of reality and, as such, cannot encompass all phenomena that affect buildings’ 

energy consumption. Consequently, a program usually opts to only model certain 

phenomena which are thought to have the greatest influence on the results of a model. The 

purpose of a validation procedure, therefore, is to assess the overall effect that this 

simplification will have on the accuracy of a model (Lomas et al., 1994). Given that the 

declared purpose of most BSEMs is to assess the impact of different energy policies, and 

considering how that impact is highly influenced by socioeconomic factors (as discussed in 

Section 3.3), BSEMs which do not account for these factors (such as those by Coffey et al. 

(2009), Ren et al. (2012) and Mata et al. (2013)) cannot, by their own nature, be said to have 

been validated.  

The other flaw, which is noted in BSEMs that do account for socioeconomic factors, relates 

to the way in which these socioeconomic factors are integrated into the models. Taking the 

models by Johnston (2003) and Natarajan and Levermore (2007) as an example, both models 

derive information on the condition of the building stock during the base year/period – such 

as number of dwellings, average U-values for different elements, size of dwellings, glazing 

ratios and occupancy patterns – from national statistics. This also includes data on the energy 
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consumption of lighting and appliances as well as internal temperature which, effectively, 

would partially capture phenomena such as the rebound effect and saturation of demand. 

This information is then processed by the models to yield the energy consumption of the 

stock at a ‘base’ year (1996 for the Johnston model) or ‘base’ period (1970 to 1996 for the 

DECarb model), which is then compared with that from national statistics and the deviation 

between the two is assessed. Both models produce figures that are a high match, with 

deviations less than 6% from national statistics for both models (Johnston, 2003; Natarajan 

and Levermore, 2007).  

It is apparent from this validation procedure that while it may confirm robustness of the 

BSEMs’ energy engine (BREDEM, in this case) and the level of disaggregation 

implemented, it is in no way a test of the models’ ability to predict the impact of future 

energy policies on the stock’s energy consumption and carbon emissions. This is because the 

impact that these policies have had is already incorporated into the models as inputs based 

on national statistics, rather than forecasted outcomes that are compared with national 

statistics.  

To exemplify, a sensible way to validate the ability of a BSEM to predict the impact of an 

energy policy or an efficiency measure would be to start with a base year and then introduce 

a policy/measure – e.g., higher thermal resistance requirements for envelopes – that has been 

enforced in reality into the model. The BSEM would then forecast the overall effect that that 

policy/measure would have five or ten years later, inclusive of the rebound effect and 

demand saturation, which is then compared with real data from national statistics.  

3.5. Predicting the future by inventing it: A way forward  

When devising an effective policy, the target that that policy is intended to meet must first be 

defined. A limitation of current BSEMs is that they often do not clearly define a target that 

their proposed policies are then tested against. For example, while Zhou et al. (2018a) 

conclude that their Aggressive Policy (AP) scenario could limit the increase in China’s 

building energy-associated CO2 emissions to just 20% above 2010 levels by 2050, they do 

not discuss if that will be in-line with the country’s Nationally Determined Contributions 

(NDCs) or IEA’s (2017a) 2DS and B2DS targets.  

In the few cases where a target is defined, rarely is there an attempt to form an energy policy 

based on that target. For instance, in the study by Ó Broin et al. (2013), the proclaimed aim 

is to determine the required energy efficiency levels within the European Union’s buildings 

sector to achieve climate change targets. However, the approach taken is proposing a 
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scenario and then assessing its ability to achieve the target, rather than formulating a scenario 

that is based on the desired target. Of the few BSEMs that present a mechanism where 

building energy codes could be derived from a defined target is the model by Coffey et al. 

(2009). Taking California’s Assembly Bill 32 as an example, which requires reducing the 

state’s total carbon emissions to 1990 levels by 2020 and 80% below 1990 levels by 2050 

(State of California, 2006), the model is able to calculate the necessary improvement needed 

in the EUIs of both newly constructed and existing buildings such that this target is achieved.  

Fundamentally, this thesis argues that, since state-of-the-art building codes are insufficient to 

achieve the 2DS target in the buildings sector (as demonstrated in Chapter 2), it is imperative 

that: A) building energy policies are reverse-engineered from global targets and take into 

account the significant changes that the sector is predicted to undergo (e.g., growth in floor 

area and per capita income levels) and; B) BSEMs are set up and optimised to provide that 

functionality (as shown in Figure 3-1). Additionally, given the unpredictable effect that 

various socioeconomic phenomena will have on buildings’ energy consumption (as 

discussed in Section 3.3), it is proposed that rather than attempting to accurately predict the 

magnitude of that effect, a better approach might be to eliminate – or at least reduce – that 

effect altogether through suitable socioeconomic policies that go in-line with the technical 

policies emanating from (A) and (B) above. Crucially, this would also help reduce the 

sector’s performance gap – i.e., the difference between a building’s calculated energy use 

that measured in reality. As such, the remainder of this thesis discusses the development of a 

BSEM that accomplishes this vision. Specifically, the required energy efficiency levels are 

first reverse-engineered from global targets in Chapter 4 and, in order to ensure that these 

levels are achieved in reality, a novel tariff structure is proposed in Chapter 5 which 

‘neutralises’ some of the aforementioned socioeconomic phenomena.  

 

Figure 3-1. (i) The schematic of a conventional BSEM, where building energy codes would be devised based on 

latest technologies without taking into account socioeconomic changes that a country is projected to undergo – 

leading to an uncertainty with regards to achieving the 2DS/B2DS target. This is as opposed to an optimised 

BSEM (ii) where the necessary building energy codes to achieve the 2DS/B2DS target are devised based on a 

country’s projected socioeconomic changes.  
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3.6. Conclusion 

Drawing on the findings of Chapter 2 in that current state-of-the-art building energy 

standards are insufficient to achieve the sector’s deliverables for a 2DS climate change 

trajectory and that these standards must be reverse-engineered from global targets, this 

chapter aims to assess the capability of current tools – namely Building Stock Energy 

Models (BSEMs) – to fulfil that vision. In essence, the aim of this chapter is to examine the 

capacity of current BSEMs to devise effective future building energy codes and, as such, 

BSEMs were appraised from mainly two points of view. First, the accuracy of their physical 

modelling approaches, which included a brief comparison between dynamic and steady-state 

building energy simulations, as well as the Heating Degree Days (HDDs) and Cooling 

Degree Days (CDDs) method. This also encompassed an appraisal of the level of 

disaggregation applied to climatic data as well as the consideration of future weather 

projections, and how that might affect the outcomes of a BSEM. Second, the review 

evaluated the effect that certain socioeconomic factors (specifically, the rebound effect and 

income elasticity of demand) can have on buildings’ energy consumption, and the degree to 

which these factors were incorporated into the BSEMs’ dimensions.  

For the first part, the chapter highlighted the considerable discrepancy between results of 

dynamic simulations and those of steady-state simulations, which can be as high as 169%. 

As it has been shown that dynamic simulation tools are subjected to more rigorous validation 

procedures, they are more likely to be closer to a building’s measured energy consumption 

compared with steady-state simulations. While steady-state simulations provide a simpler 

and quicker way to assess a building’s energy consumption, their inferior validation 

procedure limits the reliability of their results and, consequently, the results of BSEMs that 

use them as their energy engine. Similarly, while the HDDs and CDDs method is a relatively 

simple way to assess buildings’ energy performance, it disregards important performance 

parameters such as latent heat, solar gain, and thermal mass. This would necessarily preclude 

BSEMs that use the HDDs and CDDs method as their energy engine from devising effective 

future building energy codes that encompass all aspects of a building’s energy performance.  

With regards to climatic data, it was shown that the level of disaggregation applied varies 

greatly among BSEMs. It has also been highlighted that a coarse climatic data resolution can 

lead to grossly unrealistic assumptions on the achievability of ultra-low EUIs for certain 

climate zones. The incorporation of future weather data was also discussed, showing how a 

few BSEMs have integrated that aspect into their methodology. The importance of 

considering that aspect was also highlighted, in that climate change can increase the energy 
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consumption of space cooling by up to 1,050% in Cool and Humid1 locations, while it can 

decrease that of space heating by 25% in locations with a temperate climate.  

This chapter has demonstrated the considerable magnitude in which certain socioeconomic 

phenomena can affect buildings’ energy consumption. This is manifested in, for example, a 

high income-elasticity of energy demand, which can be as high as 2.94 – i.e., with every 1% 

increase in income, there can be a 2.94% increase in energy demand. Another factor is the 

rebound effect, which occurs in developed and developing countries alike, and can be as 

high as 187% – where all the predicted energy savings after an efficiency upgrade are ‘lost’, 

and an increase in energy consumption occurs as a result of the upgrade. It was noted that 

some BSEMs have integrated income elasticity and saturation of demand into their 

dimensions where, even with the rise in efficiency levels of certain energy services, the total 

consumption of these services was still projected to rise. For the rebound effect, however, 

there is a general lack of integrating it as one of the models’ dimensions, with only one 

model (Cheng and Steemers, 2011) considering the rebound effect in developing its 

scenarios.  

Notably, the chapter has also evaluated the scrutiny of validation procedures followed for 

various BSEMs. It was highlighted that, due to the significant effect that socioeconomic 

factors have on buildings’ energy consumption, BSEMs which do not incorporate these 

factors into their dimensions cannot be said to be valid. Another flaw, which concerns 

BSEMs that do incorporate socioeconomic factors, is that the impact that certain energy 

policies have had on a stock’s energy consumption is incorporated into the model as an input 

based on national statistics. As such, the ability of a BSEM to predict that impact cannot be 

said to have been validated. It has been suggested that a more appropriate way to test that 

ability is to introduce an energy policy that has been implemented in reality into the BSEM. 

The BSEM would then forecast the impact that that policy would have a few years later, 

inclusive of the rebound effect and demand saturation, which is then compared with data 

from national statistics.  

In order to meet our climate change commitments, it is imperative that building energy codes 

be derived from global targets, taking into account the changes that the sector is projected to 

undergo (e.g., expansion of built floor area and rising income per capita levels). Given the 

uncertainty and unpredictability of socioeconomic factors that affect buildings’ energy 

 

 

1 Following ASHRAE’s (2013) climate classification. 
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consumption, this chapter has proposed that BSEMs should, in addition to developing 

technical regulations, devise socioeconomic policies that are able to reduce the magnitude of 

these factors and, ultimately, reduce the performance gap. The remainder of this thesis first 

discusses, in Chapter 4, the development of a novel BSEM that is able to determine the 

required energy efficiency levels of the buildings sector for each of the 138 countries 

covered in Chapter 2’s model, under both a 2DS and a B2DS trajectory. Then, in Chapter 5, 

the BSEM is further expanded to design tariff structures that can ‘neutralise’ certain 

socioeconomic phenomena such that the required efficiency levels (determined in Chapter 4) 

are likely to be achieved in reality.  
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CHAPTER 4. A TECHNICAL PATHWAY FOR A 2DS AND A B2DS 

COMPLIANT GLOBAL BUILDINGS SECTOR 

Following the findings of Chapter 2 which showed that energy efficiency levels of current 

state-of-the-art energy standards are insufficient to achieve the sector’s 2DS target, this 

chapter aims to determine the efficiency levels necessary to put the global built environment 

on-track to achieve that target. As discussed in Chapter 3, current global BSEMs – such as 

Harvey’s (2014) model and the 3CSEP-HEB model (Ürge-Vorsatz et al., 2012) – tend to 

apply certain energy efficiency measures across multiple socioeconomic regions and then 

estimate the potential energy savings of these measures. The novelty and the contribution of 

the model discussed in this chapter, therefore, lie in two aspects. First, rather than estimating 

the effect of certain efficiency measures on the sector’s global energy consumption, the 

required efficiency levels are reverse-engineered from the required reduction in the sector’s 

global energy consumption such that climate change targets are met, and taking into account 

the projected growth in the sector’s built-up area. Second, in contrast with a ‘commingled’ 

approach where the world is divided into several socioeconomic regions, the model 

developed here provides a high-level pathway for each of the 138 countries, around which 

their building energy codes and policies – for both newly constructed and existing residential 

and non-residential buildings – can be designed.  

Accordingly, this chapter discusses the development of the first part of the novel BSEM 

proposed in Section 3.5 (henceforth referred to as the EUI-model), which expands on the 

model created in Chapter 2. The EUI-model determines the necessary EUI levels (in 

kWh/m2•year) for each of the 138 countries such that the global buildings sector achieves its 

deliverables under current climate change targets. To reiterate what was explained in Section 

1.3, these targets are based upon IEA’s (2017a) 2°C and below 2°C climate change 

scenarios, referred to as 2DS and B2DS in IEA’s literature and in this thesis, and which are 

consistent with a 50% chance of limiting the global temperature rise to 2°C and 1.75°C 

above pre-industrial levels by 2100, respectively.  

The model includes both the newly constructed and existing residential and non-residential 

building stocks and covers the period 2017 to 2060. The model was run for two economic 

growth scenarios, high and low, details of which are provided in the following section. It is 

important to reiterate here that, as mentioned in Section 2.3.2, the EUIs determined in this 

chapter are a measure of how energy-efficient buildings need to be, irrespective of how their
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energy demand will be supplied (i.e., through on-site or off-site renewable energy systems).  

4.1. Methodology 

In developing country-specific EUI levels that are necessary to achieve the sector’s 2DS and 

B2DS targets, the EUI-model initially1 assumes an equitable per capita building energy 

allowance across all 138 countries – that is, all countries are assumed to have an identical 

building energy allowance. This was done for reasons of simplicity and to avoid delving into 

an ethical discussion to arrive at a “fair” differentiated allocation of energy allowance, which 

is outside the scope of this thesis. Nonetheless, it is worth noting that the approach followed 

for this modelling exercise – i.e., an identical building energy allowance for all – effectively 

follows the Greenhouse Development Rights (GDRs) framework proposed by EcoEquity and 

the Stockholm Environment Institute (SEI) (EcoEquity and SEI, 2021). The framework 

envisions that all countries have a right to achieve dignified levels of human development, 

and therefore the required reduction in GHG emissions that a country must achieve is 

dependent upon two factors: A) its historical responsibility, which is derived from a 

country’s cumulative per capita GHG emissions since 1850; and B) its capacity to act, 

determined by a country’s per capita income levels (Climate Fairshaires, 2021b; EcoEquity 

and SEI, 2021). Accordingly, the outcome of the GDRs framework shows that developed 

countries are required to achieve immense reductions in their GHG emissions, while 

developing countries are permitted to increase theirs (Climate Fairshaires, 2021a). In the 

same manner, by requiring all countries to achieve an identical per capita building energy 

allowance, countries which currently exceed this allowance would need to reduce their 

stock’s energy consumption – both newly constructed and existing – while those below it 

will be allowed to increase their consumption. The ensuing results of this modelling exercise, 

discussed in Section 4.2, show that the former group largely comprises of developed 

countries, while the latter largely comprises of developing2 countries – aligning with the 

intent of the aforementioned GDRs framework.  

A schematic of the EUI-model is presented in Figure 4-1, and an explanation for each of the 

 

 

1 As discussed later in this section, trade-offs were eventually applied between countries in order to avoid 

unreasonably low/high required EUIs – e.g., 0.001 and 1,929 kWh/m2•year. As such, the per capita building 

energy allowance varies between countries.  

2 The developed/developing country classification followed in this thesis’ models is based on the classification 

provided by the United Nations (2014). For simplicity, countries classified as “Economies in transition” in the 

United Nations’ report were considered as developing countries in this thesis.  
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terms is subsequently provided.     
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Figure 4-1. Schematic of the EUI-model.  
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The per capita building energy allowance is calculated using Equation 4.1, and is determined 

to be 3.79 and 3.34 MWh/person•year for the 2DS and B2DS trajectories, respectively. It is 

worth noting that this approach differs from that of the IEA, where a considerable disparity 

in that allowance can be noted between developed and developing countries (as 

demonstrated in Section 2.3.2).  

Accordingly, the first step is to calculate the capped total annual building energy 

consumption for a specific country at year 2060, under both a 2DS and a B2DS trajectory 

(𝐶𝑇𝐸𝐶2060,2𝐷𝑆,𝐵2𝐷𝑆). This is performed using Equation 4.1.  

 𝐶𝑇𝐸𝐶2060,2𝐷𝑆,𝐵2𝐷𝑆 =
𝐼𝐸𝐴2060,2𝐷𝑆,𝐵2𝐷𝑆

𝑊𝑃𝑂𝑃2060
× 𝐶𝑃𝑂𝑃2060 (4.1) 

where 𝐼𝐸𝐴2060,2𝐷𝑆,𝐵2𝐷𝑆 is the global final annual buildings energy consumption at year 2060 

under a 2DS or a B2DS trajectory – determined to be 35.95 and 31.69 PWh/year, 

respectively (IEA, 2017b) – and 𝑊𝑃𝑂𝑃2060 and 𝐶𝑃𝑂𝑃2060 are the world’s (9.48 billion) and 

country’s projected population at year 2060 (respectively), as estimated by the United 

Nations (2019a) under a medium fertility variant.  

As the calculated 𝐶𝑇𝐸𝐶2060,2𝐷𝑆,𝐵2𝐷𝑆 is for the entire stock (i.e., residential and non-

residential buildings), the distinct requirements for the residential and non-residential stock 

by 2060 had to be reasonably calculated. To that end, the projected ratio between the annual 

energy consumption of the residential building stock and that of the non-residential stock in 

2060 (𝐴𝐸𝐶𝑅2060,𝑅:𝑁𝑅) was first determined, based on the current ratio (𝐴𝐸𝐶𝑅2017,𝑅:𝑁𝑅) and 

the change in the ratio between the total floor area of the residential building stock and that 

of the non-residential building stock at years 2017 (𝑇𝐹𝐴𝑅2017,𝑅:𝑁𝑅) and 2060 

(𝑇𝐹𝐴𝑅2060,𝑅:𝑁𝑅), as shown in Equation 4.2. The variables 𝐴𝐸𝐶𝑅2017,𝑅:𝑁𝑅, 𝑇𝐹𝐴𝑅2017,𝑅:𝑁𝑅, 

and 𝑇𝐹𝐴𝑅2060,𝑅:𝑁𝑅 were all obtained from Chapter 2’s model.  

 𝐴𝐸𝐶𝑅2060,𝑅:𝑁𝑅 =
𝑇𝐹𝐴𝑅2060,𝑅:𝑁𝑅 × 𝐴𝐸𝐶𝑅2017,𝑅:𝑁𝑅

𝑇𝐹𝐴𝑅2017,𝑅:𝑁𝑅
 (4.2) 

Then, the required average EUI (in kWh/m2•year) for a country’s building stock (newly 

constructed and existing buildings throughout 2017 to 2060), under both a 2DS and B2DS 

trajectory, for residential (𝐴𝐸𝑈𝐼2060,2𝐷𝑆,𝐵2𝐷𝑆,𝑅,𝐺𝐷𝑃(𝐿,𝐻)) and non-residential 

(𝐴𝐸𝑈𝐼2060,2𝐷𝑆,𝐵2𝐷𝑆,𝑁𝑅,𝐺𝐷𝑃(𝐿,𝐻)) buildings, is calculated using equations 4.3 and 4.4.  
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𝐴𝐸𝑈𝐼2060,2𝐷𝑆,𝐵2𝐷𝑆,𝑅,𝐺𝐷𝑃(𝐿,𝐻) 

=
𝐶𝑇𝐸𝐶2060,2𝐷𝑆,𝐵2𝐷𝑆 × 𝐴𝐸𝐶𝑅2060,𝑅:𝑁𝑅

𝐸𝑆𝐴2017,𝑅 + 𝑁𝐶𝐴2060,𝑅,𝐺𝐷𝑃(𝐿,𝐻)
 

(4.3) 

 

𝐴𝐸𝑈𝐼2060,2𝐷𝑆,𝐵2𝐷𝑆,𝑁𝑅,𝐺𝐷𝑃(𝐿,𝐻) 

=
𝐶𝑇𝐸𝐶2060,2𝐷𝑆,𝐵2𝐷𝑆 × (1 − 𝐴𝐸𝐶𝑅2060,𝑅:𝑁𝑅)

𝐸𝑆𝐴2017,𝑁𝑅 + 𝑁𝐶𝐴2060,𝑁𝑅,𝐺𝐷𝑃(𝐿,𝐻)
 

(4.4) 

where 𝐸𝑆𝐴2017,𝑅,𝑁𝑅 is the floor area of the existing residential/non-residential stock at the 

start of modelling period (2017) and 𝑁𝐶𝐴2060,𝑅,𝑁𝑅 is the floor area of newly constructed 

buildings up to the end of the modelling period (2060), under the two GDP growth 

projections: Low (𝐿) and High (𝐻) (henceforth referred to as LGDP and HGDP, 

respectively). Both 𝐸𝑆𝐴2017,𝑅,𝑁𝑅 and 𝑁𝐶𝐴2060,𝑅,𝑁𝑅 were determined from Chapter 2’s 

model, while 𝐶𝑇𝐸𝐶2060,2𝐷𝑆,𝐵2𝐷𝑆 and 𝐴𝐸𝐶𝑅2060,𝑅:𝑁𝑅 were calculated using the 

aforementioned equations 4.1 and 4.2.  

Afterwards, the 𝐴𝐸𝑈𝐼2060,2𝐷𝑆,𝐵2𝐷𝑆,𝑅,𝑁𝑅,𝐺𝐷𝑃(𝐿,𝐻) had to be disaggregated, such that a distinct 

required average EUI is available for both newly constructed buildings 

(𝐴𝐸𝑈𝐼𝑁𝐶,2060,2𝐷𝑆,𝐵2𝐷𝑆,𝑅,𝑁𝑅,𝐺𝐷𝑃(𝐿,𝐻) in Equation 4.5) and existing buildings 

(𝐴𝐸𝑈𝐼𝐸𝑆,2060,2𝐷𝑆,𝐵2𝐷𝑆,𝑅,𝑁𝑅,𝐺𝐷𝑃(𝐿,𝐻) in Equation 4.6). This was performed by reasonably 

determining the likely average difference between the EUIs of each at any given point in 

time during the modelling period (𝑃𝐷𝐸𝑁𝑅,𝑁𝑅, used in equations 4.5 and 4.6). The 𝑃𝐷𝐸𝑁𝑅,𝑁𝑅 

was determined based on the difference between the EUI of a Passivhaus class Plus (45 

kWh/m2•year)1 and that achieved under a ‘medium-improvement’ energy renovation of 

residential (92 kWh/m2•year) and non-residential (146 kWh/m2•year) buildings in the 

European Union (Ipsos Belgium and Navigant, 2019), as shown in Table 4-1.  

 

 

 

 

 

 

1 Passivhaus class Plus was chosen as it is the intermediate between classes Classic, with and EUI of 60 

kWh/m2•year, and Premium, with an EUI of 30 kWh/m2•year (Passipedia, 2016).  
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Residential buildings 

(𝑃𝐷𝐸𝑁𝑅) 

Non-residential buildings 

(𝑃𝐷𝐸𝑁𝑁𝑅) 

Newly constructed 

buildings (kWh/m2•year) 
45 45 

Existing buildings 

(kWh/m2•year) 
92 146 

% difference 51% 69% 

Table 4-1. The difference between the EUIs of a Passivhaus Plus and those achieved for retrofitted residential and 

non-residential buildings in the European Union, according to which the 𝑃𝐷𝐸𝑁𝑅,𝑁𝑅 (used in equations 4.5 and 

4.6) is set. The source of the former is Passipedia (2016), while that of the latter is a study conducted by Ipsos 

Belgium and Navigant (2019).  

 
𝐴𝐸𝑈𝐼𝑁𝐶,2060,2𝐷𝑆,𝐵2𝐷𝑆,𝑅,𝑁𝑅,𝐺𝐷𝑃(𝐿,𝐻) 

= 𝐴𝐸𝑈𝐼2060,2𝐷𝑆,𝐵2𝐷𝑆,𝑅,𝑁𝑅,𝐺𝐷𝑃(𝐿,𝐻) × (1 − 𝑃𝐷𝐸𝑁𝑅,𝑁𝑅) 
(4.5) 

 
𝐴𝐸𝑈𝐼𝐸𝑆,2060,2𝐷𝑆,𝐵2𝐷𝑆,𝑅,𝑁𝑅,𝐺𝐷𝑃(𝐿,𝐻) = 

= 𝐴𝐸𝑈𝐼2060,2𝐷𝑆,𝐵2𝐷𝑆,𝑅,𝑁𝑅,𝐺𝐷𝑃(𝐿,𝐻) × (1 + 𝑃𝐷𝐸𝑁𝑅,𝑁𝑅) 
(4.6) 

For newly constructed buildings, the EUI-model assumes that an upgrade to the building 

code will occur every seven years and, accordingly, newly constructed buildings throughout 

the modelling period are divided into seven generations as shown in Table 4-2. With each 

upgrade, an energy efficiency improvement  –  i.e., a reduction in the EUI (𝐸𝐹𝐹%, used in 

equations 4.7 to 4.13) – of 17.25% was assumed, based on the Average Annual Reduction 

Rate (𝐴𝐴𝑅𝑅) of 2.30% that was estimated in Chapter 2’s model (see Table 2-7).   

Generation 
Years 

From To 

1st 2017 2023 

2nd  2024 2030 

3rd 2031 2037 

4th 2038 2044 

5th 2045 2051 

6th 2052 2058 

7th 2059 2065 

Table 4-2. The time period for each of the EUI-model’s seven generations of newly constructed buildings. It is 
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important to note that since the modelling period end in 2060, the seventh generation effectively stops at the year 

2060.  

The average required EUI for newly constructed buildings 

(𝐴𝐸𝑈𝐼𝑁𝐶,2060,2𝐷𝑆,𝐵2𝐷𝑆,𝑅,𝑁𝑅,𝐺𝐷𝑃(𝐿,𝐻), calculated in Equation 4.5) was implemented as the EUI 

for the fourth generation as it is the intermediate between the first and seventh generations. 

Consequently, the required EUI for the rest of the generations was then calculated through 

either increasing the 𝐴𝐸𝑈𝐼𝑁𝐶,2060,2𝐷𝑆,𝐵2𝐷𝑆,𝑅,𝑁𝑅,𝐺𝐷𝑃(𝐿,𝐻) (for the first, second, and third 

generations), or decreasing it (for the fifth, sixth, and seventh generation) by 17.25% 

(𝐸𝐹𝐹%), as shown in equations 4.7 to 4.13.  

 

𝐸𝑈𝐼𝑁𝐶,𝐺𝐸𝑁 3,2𝐷𝑆,𝐵2𝐷𝑆,𝑅,𝑁𝑅,𝐺𝐷𝑃(𝐿,𝐻) 

= 𝐴𝐸𝑈𝐼𝑁𝐶,2060,2𝐷𝑆,𝐵2𝐷𝑆,𝑅,𝑁𝑅,𝐺𝐷𝑃(𝐿,𝐻) 

+(𝐴𝐸𝑈𝐼𝑁𝐶,2060,2𝐷𝑆,𝐵2𝐷𝑆,𝑅,𝑁𝑅,𝐺𝐷𝑃(𝐿,𝐻) × 𝐸𝐹𝐹%) 

(4.7) 

   

 

𝐸𝑈𝐼𝑁𝐶,𝐺𝐸𝑁 2,2𝐷𝑆,𝐵2𝐷𝑆,𝑅,𝑁𝑅,𝐺𝐷𝑃(𝐿,𝐻) 

= 𝐸𝑈𝐼𝑁𝐶,𝐺𝐸𝑁 3,2𝐷𝑆,𝐵2𝐷𝑆,𝑅,𝑁𝑅,𝐺𝐷𝑃(𝐿,𝐻) 

+(𝐴𝐸𝑈𝐼𝑁𝐶,2060,2𝐷𝑆,𝐵2𝐷𝑆,𝑅,𝑁𝑅,𝐺𝐷𝑃(𝐿,𝐻) × 𝐸𝐹𝐹%) 

(4.8) 

   

 

𝐸𝑈𝐼𝑁𝐶,𝐺𝐸𝑁 1,2𝐷𝑆,𝐵2𝐷𝑆,𝑅,𝑁𝑅,𝐺𝐷𝑃(𝐿,𝐻) 

= 𝐸𝑈𝐼𝑁𝐶,𝐺𝐸𝑁 2,2𝐷𝑆,𝐵2𝐷𝑆,𝑅,𝑁𝑅,𝐺𝐷𝑃(𝐿,𝐻) 

+(𝐴𝐸𝑈𝐼𝑁𝐶,2060,2𝐷𝑆,𝐵2𝐷𝑆,𝑅,𝑁𝑅,𝐺𝐷𝑃(𝐿,𝐻) × 𝐸𝐹𝐹%) 

(4.9) 

   

 
𝐸𝑈𝐼𝑁𝐶,𝐺𝐸𝑁 4,2𝐷𝑆,𝐵2𝐷𝑆,𝑅,𝑁𝑅,𝐺𝐷𝑃(𝐿,𝐻) 

= 𝐴𝐸𝑈𝐼𝑁𝐶,2060,2𝐷𝑆,𝐵2𝐷𝑆,𝑅,𝑁𝑅,𝐺𝐷𝑃(𝐿,𝐻) 
(4.10) 

   

 

𝐸𝑈𝐼𝑁𝐶,𝐺𝐸𝑁 5,2𝐷𝑆,𝐵2𝐷𝑆,𝑅,𝑁𝑅,𝐺𝐷𝑃(𝐿,𝐻) 

= 𝐴𝐸𝑈𝐼𝑁𝐶,2060,2𝐷𝑆,𝐵2𝐷𝑆,𝑅,𝑁𝑅,𝐺𝐷𝑃(𝐿,𝐻) 

−(𝐴𝐸𝑈𝐼𝑁𝐶,2060,2𝐷𝑆,𝐵2𝐷𝑆,𝑅,𝑁𝑅,𝐺𝐷𝑃(𝐿,𝐻) × 𝐸𝐹𝐹%) 

(4.11) 
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𝐸𝑈𝐼𝑁𝐶,𝐺𝐸𝑁 6,2𝐷𝑆,𝐵2𝐷𝑆,𝑅,𝑁𝑅,𝐺𝐷𝑃(𝐿,𝐻) 

= 𝐸𝑈𝐼𝑁𝐶,𝐺𝐸𝑁 5,2𝐷𝑆,𝐵2𝐷𝑆,𝑅,𝑁𝑅,𝐺𝐷𝑃(𝐿,𝐻) 

−(𝐴𝐸𝑈𝐼𝑁𝐶,2060,2𝐷𝑆,𝐵2𝐷𝑆,𝑅,𝑁𝑅,𝐺𝐷𝑃(𝐿,𝐻) × 𝐸𝐹𝐹%) 

(4.12) 

   

 

𝐸𝑈𝐼𝑁𝐶,𝐺𝐸𝑁 7,2𝐷𝑆,𝐵2𝐷𝑆,𝑅,𝑁𝑅,𝐺𝐷𝑃(𝐿,𝐻) 

= 𝐸𝑈𝐼𝑁𝐶,𝐺𝐸𝑁 6,2𝐷𝑆,𝐵2𝐷𝑆,𝑅,𝑁𝑅,𝐺𝐷𝑃(𝐿,𝐻) 

−(𝐴𝐸𝑈𝐼𝑁𝐶,2060,2𝐷𝑆,𝐵2𝐷𝑆,𝑅,𝑁𝑅,𝐺𝐷𝑃(𝐿,𝐻) × 𝐸𝐹𝐹%) 

(4.13) 

 

Next, the 𝐴𝐸𝑈𝐼2060,2𝐷𝑆,𝐵2𝐷𝑆,𝑅,𝐺𝐷𝑃(𝐿,𝐻) and 𝐴𝐸𝑈𝐼2060,2𝐷𝑆,𝐵2𝐷𝑆,𝑁𝑅,𝐺𝐷𝑃(𝐿,𝐻) (calculated using 

equations 4.3 and 4.4, respectively) are both calibrated for up to 16 iterations until the 

difference between a country’s resulting total building stock energy consumption at year 

2060 and its capped total building energy consumption at year 2060 (𝐶𝑇𝐸𝐶2060,2𝐷𝑆,𝐵2𝐷𝑆 in 

Equation 4.1) is less than 1%.  

After the initial run of the EUI-model for each of the 138 countries, it was noted that the 

minimum and maximum EUIs required to achieve the sector’s 2DS and B2DS targets – 

among all countries – are below/above reasonable limits, for both newly constructed and 

existing buildings, as shown in Table 4-3.  

 
Minimum EUI 

(kWh/m2•year)  

Maximum EUI 

(kWh/m2•year) 

2DS   

Newly constructed 

buildings 
0.005 634 

Existing buildings 0.028 1,929 

B2DS   

Newly constructed 

buildings 
0.001 554 

Existing buildings  0.005 1,684 

Table 4-3. The minimum and maximum EUIs required to achieve the sector’s 2DS and B2DS deliverables, 

according to the first run of the EUI-model.  
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In order to overcome this flaw, EUI limits were introduced for newly constructed and 

existing residential and non-residential buildings, as shown in Table 4-4. These limits were 

applied in a ‘trade-off’ fashion between countries – i.e., the energy that is ‘gained’ by 

lowering a country’s required EUI that exceeds the maximum limit is then used to ‘lift-up’ 

another country’s required EUI that is below the minimum limit. For newly constructed 

buildings, the upper and lower limits were initially based upon the new Passivhaus classes, 

where Passivhaus Premium (EUI of 30 kWh/m2•year) was set as the lower limit, whereas 

Passivhaus Classic (EUI of 60 kWh/m2•year) was set as the upper limit. These limits 

produced relatively large differences (greater than 15%) between the model’s calculated 

global final buildings energy consumption at year 2060 and that required under the 2DS and 

B2DS trajectories (𝐼𝐸𝐴2060,2𝐷𝑆,𝐵2𝐷𝑆 in Equation 4.1, determined to be 35.95 and 31.69 

PWh/year, respectively). As such, these limits were then calibrated to be from 20 to 100 

kWh/m2•year – as shown in Table 4-4 – which reduced the difference to be less than 10% for 

all scenarios (this is further discussed in Figure 4-10 under the upcoming results section).  

For existing buildings (also covered in Table 4-4), the upper and lower limits were based 

upon the same study (Ipsos Belgium and Navigant, 2019) used to determine the difference 

between the EUI of newly constructed and existing buildings (𝑃𝐷𝐸𝑁𝑅,𝑁𝑅 in equations 4.5 

and 4.6). The study provides an average EUI value before and after an energy retrofit for all 

countries that are part of the European Union, for residential and non-residential buildings, 

under four retrofit levels: below threshold, light, medium, and deep. Sensibly, the average 

EUI achieved after a deep retrofit (63 and 87 kWh/m2•year for residential and non-residential 

buildings, respectively) was designated as the lower limit for the EUIs of existing buildings 

in the model, whereas that achieved after a light retrofit (133 and 261 kWh/m2•year for 

residential and non-residential buildings, respectively) was designated as the upper limit.  

For the annual retrofit and demolition rates, the EUI-model follows what has been 

implemented in Chapter 2’s model. To reiterate, an annual retrofit rate of 3%1, and annual 

demolition rates of 1.5% and 2.0%2 for countries part of the OECD and those outside it 

(respectively), were implemented.  

It is important to note that, as with the Primary Energy Renewable Factor (𝑃𝐸𝑅𝐹) in Section 

2.3.3.1.1 which was assigned a value of 1 as an optimistic measure and resulting in the 

 

 

1 This is based on what has been adopted in the European Union (2012).  

2 This is based on a study by NewClimate Institute et al. (2019).  



A technical pathway for a 2DS and a B2DS compliant global buildings sector 

74 

 

primary energy being equal to the final energy, a similar approach was taken for establishing 

the minimum and maximum allowable EUIs in the EUI-model. Therefore, the values in the 

Ipsos Belgium and Navigant (2019) study, and which are reported as primary energy 

demand, have been implemented in this thesis as final energy demand.  

 
Residential 

buildings 

Non-residential 

buildings 

Newly constructed buildings   

Lower limit (kWh/m2•year) 20 20 

Upper limit (kWh/m2•year) 100 100 

Existing buildings   

Lower limit (kWh/m2•year) 63 87 

Upper limit (kWh/m2•year) 133 261 

Table 4-4. The EUI limits implemented in the EUI-model for newly constructed and existing residential and non-

residential buildings.  

4.2. Results and discussion 

The EUI-model generated the necessary EUIs (in kWh/m2•year) for each of the 138 

countries, such that the global buildings sector’s energy reduction requirements for a 2DS 

and a B2DS climate change trajectory are achieved. In setting these energy reduction 

requirements, it has been assumed that all countries have an identical building energy 

allowance per capita – determined to be 3.79 and 3.34 MWh/person•year for the 2DS and 

B2DS trajectories, respectively, as shown in Section 4.1. This would entail that countries 

currently exceeding that allowance – i.e., largely developed countries – will be required to 

reduce their stock’s energy consumption (both newly constructed and existing), while those 

still below it – i.e., largely developing countries – will be allowed to increase theirs. As 

explained in Section 4.1, this could be described as a ‘fair’ allocation of responsibilities and 

aligns with the intent of other research within the climate change discipline, such as the 

Greenhouse Development Rights (GDR) framework (EcoEquity and SEI, 2021), where the 

required reduction in each country’s GHG emissions is dependent upon its responsibility for, 

and capability to, reduce its emissions.  

The model includes newly constructed and existing residential and non-residential buildings 

and covers the period from 2017 to 2060. The results were generated for two GDP growth 

scenarios: low (LGDP) and high (HGDP). As noted in Table 4-2, newly constructed 



Chapter 4 

75 

 

buildings were divided into seven generations, and a distinct EUI was generated for each. 

For existing buildings, following Chapter 2’s model, an annual retrofit rate of 3% and annual 

demolition rates of 1.5% and 2.0% for countries part of the OECD and those outside of it 

(respectively) were implemented. It is important to reiterate that trade-offs have been applied 

between countries to ensure that the generated EUIs fall within the reasonable ranges, as set 

in Table 4-4.  

The results presented here cover both 2DS and B2DS trajectories, as well as the low (LGDP) 

and high (HGDP) GDP growth scenarios. For brevity, the results are presented as the 

percentage of countries required to achieve each EUI range (figures 4-2 to 4-9), which was 

further disaggregated by the development status of countries – i.e., developed and 

developing countries. The required EUIs for each individual country were not discussed, but 

are available in Appendix B of the thesis’ online supplementary data (DOI: 

https://researchdata.bath.ac.uk/990/). Moreover, only the results of the second, fourth and 

sixth generation of newly constructed building are presented. For context, the percentage of 

global floor area that must achieve each EUI range was also determined and is available in 

Appendix B of the online supplementary data.  

The EUIs generated by the EUI model provide a ‘pathway’ for each of the 138 countries, by 

which they can contribute their ‘fair share’ towards reducing the energy consumption of the 

global built environment and, consequently, realising a 2°C/below 2°C world.  

4.2.1. Newly constructed buildings  

For newly constructed residential buildings, under the 2DS LGDP scenario (Figure 4-2), 

47% of the countries are required to achieve an EUI between 44 and 50 kWh/m2•year for the 

second generation, compared to an EUI range of 32 to 38 kWh/m2•year and 20 to 26 

kWh/m2•year that is required to be achieved by 49% of countries for the fourth and sixth 

generation of buildings, respectively. Looking at the 2DS HGDP scenario, it is evident that a 

slightly more stringent approach is needed to counteract the higher growth rates in floor 

areas – e.g., while 47% of countries are required to achieve an EUI between 44 and 50 

kWh/m2•year under the LGDP scenario for the second generation, this increases to 50% 

under the HGDP scenario. Similarly – and expectedly – even more stringent EUIs are 

required under the B2DS trajectory (Figure 4-3). For example, the percentage of countries 

required to achieve an EUI between 32 and 38 kWh/m2•year for the fourth generation 

increases from 49% and 51% under the 2DS LGDP and HGDP scenarios to 54% and 58% 

under the B2DS LGDP and HGDP scenarios, respectively.  

https://researchdata.bath.ac.uk/990/
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When breaking down the countries according to their development status – i.e., developed 

and developing countries – it can be noted that developed countries exhibit a more 

homogenous EUI composition compared with developing ones. It can also be noted that a 

higher percentage of developed countries, relative to developing countries, are required to 

achieve lower EUIs. For example, while all developed countries are required to achieve an 

EUI ranging from 44 to 50 kWh/m2•year for the second generation of newly constructed 

residential buildings under the 2DS LGDP scenario, only 28% of developing countries were 

required to achieve that range. The rest (72%) were expected to have an EUI above that 

range. This is explicable in that developed countries currently have an average building 

energy consumption of 10.5 MWh/person•year, compared to only 3 MWh/person•year for 

developing countries (IEA, 2017b)1. This indicates that developed countries have already 

exceeded their per capita building energy ‘budget’ for the 2DS and B2DS trajectories, set at 

3.79 and 3.34 MWh/person•year as indicated in Section 4.1 – and are thus required to reduce 

it – compared with developing countries which are still far below it.  

Similar trends can be noted for newly constructed non-residential buildings (figures 4-4 and 

4-5). Under a 2DS LGDP scenario, 67% of countries are required to achieve an EUI between 

44 and 50 kWh/m2•year for the second generation of buildings, compared with 68% of 

countries required to achieve an EUI range of 32 to 38 kWh/m2•year and 20 to 26 

kWh/m2•year for the fourth and sixth generation, respectively. Akin to newly constructed 

residential buildings, the required EUIs for non-residential buildings under an HGDP 

scenario and a B2DS trajectory are more stringent than those required under an LGDP 

scenario and a 2DS trajectory. For instance, for the sixth generation, 68% of countries are 

required to achieve an EUI between 20 and 26 kWh/m2•year (i.e., the lowest EUI range) 

under the 2DS LGDP scenario, compared with 72% under the 2DS HGDP scenario. For the 

B2DS LGDP scenario, 73% of countries are required to achieve this EUI range, compared 

with 77% under the B2DS HGDP scenario. 

With regards to the differences in the required EUIs between developed and developing 

countries for newly constructed non-residential buildings, similar to residential buildings, 

developed countries display a more homogenous composition of EUIs relative to developing 

countries. However, it can be noted that the percentage of developing countries required to 

achieve a lower EUI for newly constructed non-residential buildings is higher than that for 

 

 

1 This was calculated on the basis that countries part of the Organisation for Economic Co-operation and 

Development (OECD) are considered developed, while countries not part of it are considered developing.  
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residential buildings. For example, while 28% of developing countries are required to 

achieve an EUI between 44 and 50 kWh/m2•year for the second generation of residential 

buildings under the 2DS LGDP scenario, for non-residential buildings this increases to 56%. 

This is because, as calculated in Chapter 2’s model, the difference between the current and 

the saturated1 per capita floor area for non-residential buildings in developing countries is 

higher than that for residential buildings and, as such, a higher growth rate in floor areas of 

non-residential buildings is expected to occur. For instance, in India, under the HGDP 

scenario, the per capita floor area for residential buildings is expected to increase from 13 

m2/person in 2017 to 36 m2/person by 2060 – almost a three-fold increase. This is compared 

with a current 2 m2/person for non-residential buildings, which is expected to increase by 

more than five-fold by 2060 to 11 m2/person.  

4.2.2. Existing buildings  

For existing buildings (figures 4-6 to 4-9), a relatively more diverse range of EUIs can be 

noted. For existing residential buildings, under a 2DS LGDP scenario (Figure 4-6), 37% and 

49% of countries are required to conduct energy retrofits that would reduce the EUIs of these 

buildings to be from 63 to 71 kWh/m2•year and 127 to 133 kWh/m2•year, respectively. This 

is compared with 47% and 25% of countries required to achieve EUIs from 86 to 106 

kWh/m2•year and 246 to 261 kWh/m2•year, respectively, for existing non-residential 

buildings under the same scenario (Figure 4-7). Relative to newly constructed buildings, 

smaller differences can be noted between the required EUIs under an LGDP scenario and 

those under an HGDP scenario for existing buildings. For example, 37% and 38% of 

countries are required to achieve an EUI from 63 to 71 kWh/m2•year under the 2DS 

trajectory for their existing residential stock, for the LGDP and HGDP scenarios, 

respectively. This highlights the little effect that GDP growth has on the required EUIs for 

buildings that are already built. A relatively higher difference is noted between the 2DS and 

B2DS trajectories. For instance, under the 2DS HGDP scenario, 49% of countries are 

required to achieve an EUI ranging from 86 to 106 kWh/m2•year for their existing non-

residential stock, compared with 56% under the B2DS HGDP scenario. 

 

 

 

1 Similar to the saturated demand of an energy service discussed in Section 3.3.1, the saturated per capita floor 

area is the floor area (in m2/person) that is unlikely to be exceeded even with arbitrarily high income levels.  
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When breaking down these percentages according to the development status of countries, a 

similar trend to newly constructed buildings can be noted in that the required EUIs for 

developed countries are almost identical, whereas those for developing countries comprise of 

at least eight different EUI ranges. It can also be noted that the required EUIs for developed 

countries are considerably more stringent than those required for developing countries – 

reinforcing the point made earlier with regards to the ‘energy budget’ across both groups of 

countries. For example, while 97% of developed countries are required to achieve an EUI 

between 86 and 106 kWh/m2•year for their existing non-residential stock under the 2DS 

LGDP scenario (Figure 4-7), only 29% of developing countries are required to achieve that 

range, with the rest (71%) expected to have higher EUI ranges.  

4.2.3. Comparison with Chapter 2’s model  

Within this context, it is useful to compare the results obtained from the EUI-model with 

those obtained from Chapter 2’s model under a 2DS trajectory (given that the latter model 

only covered the 2DS trajectory). In the comparison that follows, the more stringent pathway 

for Chapter 2’s model – that is, the Passivhaus-approach – has been used. Given that the 

generations of newly constructed buildings assumed for Chapter 2’s model (a total of three 

generations, as shown in Table 2-2) do not align with those assumed for the EUI-model (a 

total of seven generation, as shown in Table 4-2), a weighted-average EUI was applied to the 

Passivhaus EUIs from Chapter 2’s model in order to represent each of the seven generations 

of the EUI-model, as shown in Table 4-5.  

 Percentage of years that fall under each 

Passivhaus EUI 

Weighted-

average EUI 

(kWh/m2•year) Generation 60 45 30 

1st (2017 to 2023) 100% 0% 0% 60 

2nd (2024 to 2030) 83% 17% 0% 57.5 

3rd (2031 to 2037) 0% 100% 0% 45 

4th (2038 to 2044) 0% 33% 67% 35 

5th (2045 to 2051) 0% 0% 100% 30 

6th (2052 to 2058) 0% 0% 100% 30 

7th (2059 to 2065) 0% 0% 100% 30 

Table 4-5. The percentage of years within each generation that falls under each Passivhaus EUI used in Chapter 

2’s model (60, 45, and 30 kWh/m2•year), as well as the weighted-average EUI calculated to represent each of the 



Chapter 4 

79 

 

seven generations.  

For newly constructed residential and non-residential buildings under both 2DS LGDP and 

HGDP scenarios (figures 4-2 and 4-4), it can be noted that a greater percentage of countries 

was assumed to achieve lower EUIs under Chapter 2’s model, relative to the EUI-model, for 

the fourth generation. For example, under Chapter 2’s model, all countries were assumed to 

have an EUI of 32 to 38 kWh/m2•year for the fourth generation of newly constructed non-

residential buildings under the both the LGDP and HGDP scenario (Figure 4-4). This is 

compared with only 68% and 72% of countries required to achieve that EUI range under the 

EUI-model for the LGDP and HGDP scenario, respectively. However, for the second and 

sixth generation of newly constructed buildings, a more stringent EUI range can be noted 

under the EUI-model compared with Chapter 2’s model. For the second generation of newly 

constructed residential buildings under the 2DS LGDP and HGDP scenarios, for example, 

the EUI-model determines that 47% and 50% (respectively) of countries must achieve an 

EUI between 44 and 50 kWh/m2•year (Figure 4-2). This is as opposed to Chapter 2’s model 

which assumes that all countries must achieve an EUI between 56 and 62 kWh/m2•year. 

In the case of existing buildings, the EUI-model determines that considerably lower EUIs 

must be achieved in comparison with Chapter 2’s model. For both the 2DS LGDP and 

HGDP scenarios, the EUI-model requires that 37-38% of countries must achieve an EUI 

equal to or less than 71 kWh/m2•year for their existing residential stock, compared with 99% 

of countries assumed to exceed that EUI under Chapter 2’s model (Figure 4-6). Similarly, for 

the non-residential stock (Figure 4-7), 47-49% of countries must achieve an EUI equal to or 

less than 106 kWh/m2•year, compared with 99% of countries assumed to exceed that EUI in 

Chapter 2’s model. 
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Figure 4-2. Percentage of countries that fall within each EUI range, for the second (GEN2), fourth (GEN4), and sixth (GEN6) generation of newly constructed (NC) residential (RES) buildings. 

This is under the 2DS trajectory, for the low (LGDP, top) and high (HGDP, bottom) GDP growth scenarios. Data is shown for all countries (All), as well as for developed and developing 

countries. The results for Chapter 2’s model are also shown for comparison.  
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Figure 4-3. Percentage of countries that fall within each EUI range, for the second (GEN2), fourth (GEN4), and sixth (GEN6) generation of newly constructed (NC) residential (RES) buildings. 

This is under the B2DS trajectory, for the low (LGDP, top) and high (HGDP, bottom) GDP growth scenarios. Data is shown for all countries (All), as well as for developed and developing 

countries. The results for Chapter 2’s model are also shown for comparison.  



A technical pathway for a 2DS and a B2DS compliant global buildings sector 

82 

 

 

 

 

Figure 4-4. Percentage of countries that fall within each EUI range, for the second (GEN2), fourth (GEN4), and sixth (GEN6) generation of newly constructed (NC) non-residential (NRES) 

buildings. This is under the 2DS trajectory, for the low (LGDP, top) and high (HGDP, bottom) GDP growth scenarios. Data is shown for all countries (All), as well as for developed and 

developing countries. The results for Chapter 2’s model are also shown for comparison. 

 



Chapter 4 

83 

 

 

 

 

Figure 4-5. Percentage of countries that fall within each EUI range, for the second (GEN2), fourth (GEN4), and sixth (GEN6) generation of newly constructed (NC) non-residential (NRES) 

buildings. This is under the B2DS trajectory, for the low (LGDP, top) and high (HGDP, bottom) GDP growth scenarios. Data is shown for all countries (All), as well as for developed and 

developing countries. The results for Chapter 2’s model are also shown for comparison. 
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Figure 4-6. Percentage of countries that fall within each EUI range, for existing (ES) residential buildings, under the 2DS trajectory, for the low (LGDP, left) and high (HGDP, right) GDP 

growth scenarios. Data is shown for all countries (All), as well as for developed and developed countries. The results for Chapter 2’s model are also shown for comparison. 

 

Figure 4-7. Percentage of countries that fall within each EUI range, for existing (ES) non-residential buildings, under the 2DS trajectory, for the low (LGDP, left) and high (HGDP, right) GDP 

growth scenarios. Data is shown for all countries (All), as well as for developed and developed countries. The results for Chapter 2’s model are also shown for comparison. 
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Figure 4-8. Percentage of countries that fall within each EUI range, for existing (ES) residential buildings, under the B2DS trajectory, for the low (LGDP, left) and high (HGDP, right) GDP 

growth scenarios. Data is shown for all countries (All), as well as for developed and developing countries. The results for Chapter 2’s model are also shown for comparison (note that Chapter 

2’s model was only run for the 2DS trajectory). 

 

Figure 4-9. Percentage of countries that fall within each EUI range, for existing (ES) non-residential buildings, under the B2DS trajectory, for the low (LGDP, left) and high (HGDP, right) GDP 

growth scenarios. Data is shown for all countries (All), as well as for developed and developing countries. The results for Chapter 2’s model are also shown for comparison (note that Chapter 

2’s model was only run for the 2DS trajectory). 
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Next, given that trade-offs have been applied between countries, it is important to assess how 

the model’s-calculated global building stock energy consumption in year 2060 deviates from 

that required under the 2DS and the B2DS trajectories. To reiterate what has been stated in 

Section 4.1, the global building stock is required to reduce its annual energy consumption to 

35.95 and 31.69 PWh/year under the 2DS and the B2DS trajectory, respectively. As shown 

in Figure 4-10, a higher difference between the two metrics can be noted under the 2DS 

scenario (a maximum of -9.8%) compared with the B2DS scenario (a maximum of 3%) – 

with both extremes being reasonably acceptable deviations from the target.  

 

Figure 4-10. The model’s calculated global building stock energy consumption in year 2060 and that required 

under both a 2DS and B2DS scenario (in PWh/year) for the low (LGDP) and high (HGDP) GDP growth 

scenarios. The percentage difference between the two is shown above each respective column.  

Collectively, the EUI-model’s results confirm, to a large extent, the findings of Chapter 2 in 

that implementing state-of-the-art efficiency levels for newly constructed buildings, and 

retrofitting existing buildings to current best practices, is insufficient to achieve the sector’s 

2DS requirements, let alone its B2DS requirements. It also highlights the difficulty in 

realising the sector’s 2DS and B2DS targets, given the drastically low EUI levels required to 

meet those targets. For instance, from 2052 onwards, countries such as the UK, Germany, 

and the US must achieve an EUI of 20 kWh/m2•year for their newly constructed buildings – 

33% below that of a Passivhaus Premium (the most efficient Passivhaus class). Moreover, 

these countries are expected to reduce the energy consumption of their existing stock by 53% 

to 71%, exceeding the higher end (30%) of the expected savings associated with an energy 

retrofit (IEA, 2013).  

Lastly, as stated in Chapter 2, the underlying assumptions upon which the 2DS and B2DS 

targets are based (i.e., 35.95 and 31.69 PWh/year by 2060) are inherently optimistic – e.g., 

they assume an annual decarbonisation rate that is 4.7 times higher than the highest rate ever 
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recorded (1975 to 1985, as discussed in Section 2.3.2) – and only offer a 50% chance of 

limiting the rise in global temperature to 2°C and 1.75°C beyond pre-industrial levels. 

Additionally, the modelling exercise was conducted without considering some of the other 

causes of the performance gap – e.g., competency of energy modelers and construction 

quality – which can result in a measured consumption that is four-times higher than that 

predicted/modelled (Shi et al., 2019). Therefore, the required EUIs presented for each 

country in this chapter must be viewed as the absolute minimum that countries must achieve 

to meet their required contribution towards a 2DS and a B2DS compliant global buildings 

sector. Given how stringent that absolute minimum is, the results of this chapter have 

confirmed, to a large extent, the applicability of the degrowth argument presented in Chapter 

1 to the buildings sector, in that a simpler solution to the sector’s perpetually increasing 

energy demand might be to de-scale it – both in terms of its floor area as well as the ‘need’ 

we expect it to satisfy.  

4.3. Model verification  

As the model’s output is a forecast of the future, it will be impossible to compare that output 

to “measured physical phenomena” – i.e., to validate the model. Nonetheless, it is useful to 

verify the model – that is, to confirm that it “accurately represents the developer’s conceptual 

description” (Trucano et al., 2006). To that end, the Black Box Testing technique has been 

employed, which is where the sensibility of the model’s output is assessed, without 

examining the internal structure of the model – i.e., what is produced by the box, not what is 

in the box (Whitner and Balci, 1989). The technique has been applied to test the model’s 

overall output, as well as that of one of the model’s parts.  

While this technique has several limitations – e.g., when to determine that the test is 

complete – it is nonetheless an effective way to determine the sensibility of the model’s 

outputs and verify its robustness.  

For testing the model’s overall output (cases 1 and 2 in Table 4-6), an increase and a 

decrease of 10% was applied to the global final annual buildings energy consumption at year 

2060 (𝐼𝐸𝐴2060,2𝐷𝑆,𝐵2𝐷𝑆 in Equation 4-1) – changing it to 39.54 and 32.35 PWh, respectively. 

Intuitively, we would expect that a higher energy allowance would result in an increased 

global building stock energy consumption in year 2060, while a more stringent allowance 

would lead to a decreased one. Confirming that intuition, the model shows an increase of 2-

3% under the LGDP and HGDP scenarios for the former case, and a decrease of 2-3% under 

the LGDP and HGDP scenarios for latter case.  
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With regards to testing one of the model’s parts (cases 3 and 4 in Table 4-6), the required 

EUI (in kWh/m2•year) for the first generation of newly constructed buildings in Germany 

was tested, by increasing and decreasing the Average Annual Reduction Rate achieved for 

newly constructed buildings (𝐴𝐴𝑅𝑅 in Section 4.1) by 20%. Increasing the 𝐴𝐴𝑅𝑅 means 

that a larger reduction in the EUI will be achieved for each consecutive generation and, as 

such, the EUI of the first generation may be higher while still achieving the country’s 

required energy reduction for the 2DS/B2DS trajectory. Conversely, a decrease in the 𝐴𝐴𝑅𝑅 

entails that a lower reduction in the EUI of each consecutive generation is achieved – 

meaning that the EUI of the first generation would probably start at a lower EUI to make up 

for the reduced rate of improvement. Confirming these conjectures, the model shows that 

increasing the 𝐴𝐴𝑅𝑅 has increased the EUI of the first generation by 10%. By contrast, 

decreasing it has decreased the EUI of the first generation by 9%. It is important to note here 

that, confirming the aforementioned conjectures, the increase in the 𝐴𝐴𝑅𝑅 has decreased the 

EUIs of fifth, sixth, and seventh generation of newly constructed buildings, whilst decreasing 

it has results in an increase in the EUIs of these generations.  

While the above tests are not a definitive confirmation of the model’s robustness, they do 

verify – to an extent – the model’s algorithm and its internal structure. 



Chapter 4 

89 

 

# Input parameter Change Output parameters 
Results 

Before change After change 

1 Global final annual buildings 

energy consumption at year 

2060 (𝐼𝐸𝐴2060,2𝐷𝑆,𝐵2𝐷𝑆 in 

Equation 4-1) 

+10% from 35.95 

to 39.54 PWh Global building stock 

energy consumption at 

year 2060 

LGDP: 32.43 PWh 

HGDP: 33.67 PWh 

LGDP: 33.16 PWh (+2%) 

HGDP: 34.52 PWh (+3)  

2 
−10% from 35.95 

PWh to 32.35 

LGDP: 31.58 PWh (−3%) 

HGDP: 32.88 PWh (−2%) 

3 

Average Annual Reduction 

Rate (𝐴𝐴𝑅𝑅 in Section 4.1) 

+20% from 2.30% 

to 2.76%  
Required EUI for first 

generation of newly 

constructed buildings in 

Germany 

LGDP: 56.91 kWh/m2•year 

HGDP: 56.91 kWh/m2•year 

LGDP:  62.53 kWh/m2•year 

(+10%) 

HGDP:  62.53 kWh/m2•year 

(+10%) 

4 
−20% from 2.30% 

to 1.84% 

LGDP: 51.77 kWh/m2•year 

(−9%) 

HGDP: 51.77 kWh/m2•year 

(−9%) 

Table 4-6. A description of the Black Box Testing cases along with the results of each.  
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4.4. Comparison with other models 

Given that the manuscript prepared as part of Chapter 2 did not contain a comparison 

exercise with other models, a comparison is provided here to assess the sensibility of the 

results obtained. Specifically, it compares the floor area projections obtained in this research 

to those of other models. It is important to reiterate that, as mentioned in Section 4.1, the 

EUI-model derives the projected floor areas for each country from Chapter 2’s model and, as 

such, the two models have identical floor area projections. In the comparison that follows, 

the resulting floor areas under both a low and high GDP growth scenarios (LGDP and 

HGDP, respectively), were included.  

The models included in the comparison are 1) IEA’s (2013) model, prepared as part of its 

Transition to sustainable buildings report; 2) the 3CSEP-HEB model by Ürge-Vorsatz et al. 

(2012); 3) Deetman et al. (2020) model29; 4) Harvey’s (2014) model (both its low and high 

GDP growth projections); 5) Chaturvedi et al. (2014) model and; 6) Hong et al. (2016) 

model1. The comparison is for the projected floor area (in billion m2) by the year 2050, and 

includes the global building stock, as well as the building stocks of the US, EU-27 

countries2, China, and India. Even though Chapter 2’s model and the EUI-model both run 

until 2060, given that some of the other models do not provide projections beyond the year 

2050, the year 2050 was selected for the comparison. It is also for this reason that IEA’s 

(2013) model was chosen for the comparison as it provides estimations for the year 2050, as 

opposed to IEA’s (2017a) more recent model, which provides estimations for 2060.  

In general, the results obtained from the EUI-model compare well with the results of other 

models, in that deviations of less than 20% were noted in three-quarters of the comparisons. 

For the global building stock (Figure 4-11), the EUI-model [LGDP] showed an almost 

identical match with IEA’s (2013) model and the 3CSEP-HEB model, with a variation of 

less than 2% from either model. Breaking down the global building stock into residential and 

non-residential stocks, the EUI-model [LGDP] matched closely with Harvey’s (2014) model 

[Low] (deviation of less than 1%), while the EUI-model [HGDP] matched closely with 

 

 

1 As the Deetman et al. (2020) and Hong et al. (2016) models are primarily concerned with construction materials 

within the building stock (and the energy required to manufacture these materials, in the case of the latter), they 

have not been reviewed as part of Chapter 3. 

2 EU-27 implemented here includes countries part of the EU as of 2012. As such, this excludes Croatia (joined in 

2013) but includes the UK (left in 2020).  
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IEA’s (2013) model (deviation of less than 1%) for the residential stock. For the non-

residential stock, the EUI-model [LGDP] deviates by 3% from Harvey’s (2014) model 

[Low], while the EUI-model [HGDP] showed less than a 1% difference with Deetman et al. 

(2020) model. Within this context, it is worth noting that the global building stock floor area 

in 2060 predicted by the EUI-model [HGDP] compares well with that predicted by IEA’s 

(2017a) model (not included in the graphs below), as presented in its Energy Technology 

Perspectives report. The EUI-model [HGDP] projects that by 2060 the global floor area will 

be 437 billion m2, a 5% underprediction in comparison with IEA’s figure1 of 460 billion m2.  

 

 

Figure 4-11. Comparison between the floor areas (in billion m2) in 2050 obtained from the EUI-model – under 

both LGDP and HGDP scenarios – and those obtained from other models for the global building stock, covering 

the entire building stock, the residential (RES) stock, and the non-residential (NRES) stock. For Harvey’s (2014) 

model, both its Low and High GDP growth scenarios were included separately in the comparison. 

For the US building stock (Figure 4-12), the EUI-model [LGDP and HGDP] showed good 

agreement with the 3CSEP-HEB model, deviating from it by less than 4%. However, larger 

deviations were noted in the cases of the residential and non-residential stocks, where the 

EUI-model [LGDP and HGDP] underpredicts the floor area of these stocks by 41% and 

 

 

1 To the best of the author’s knowledge, this is the most up-to-date figure for the projected total floor area of the 

global building stock in 2060, available from the IEA. 
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16%, respectively, in comparison with IEA’s (2013) model. This is likely due to the different 

population projections among the two models, where IEA’s (2013) model projects a 2050 

US population that is 6% higher than that of the EUI-model. Another factor could be the 

average annual growth in GDP per capita – which in turn affects the growth rate of floor 

areas – where the EUI-model forecasts this to be 1.0% (as noted in Table 2-3), 57% less than 

the 1.6% estimated by IEA’s (2013) model.  

A similar trend can be noted in the case of the EU-27 countries (Figure 4-12), where the 

EUI-model [LGDP and HGDP] deviates by less than 4% from the projections made by the 

3CSEP-HEB model for the entire building stock. However, for the residential and non-

residential stocks, the EUI-model underestimates their size by 20-25% and 23-32%, 

respectively, when compared with the 3CSEP-HEB model.  

 

 

Figure 4-12. Comparison between the floor areas (in billion m2) in 2050 obtained from the EUI-model – under 

both LGDP and HGDP scenarios – and those obtained from other models for the US and the EU-27, for the entire 

building stock, the residential (RES) stock, and the non-residential (NRES) stock.  

In the case of the Chinese building stock (Figure 4-13), the results from the EUI-model 

[LGDP and HGDP] deviate by less than 10% from those of the IEA (2013) and the 3CSEP-

HEB models. For the residential and non-residential stocks, the EUI-model [LGDP] deviates 

by 10% from the predictions made by the IEA (2013) model.  

For the Indian building stock (Figure 4-13), the results from the EUI-model [LGDP] show 

good agreement with the Chaturvedi et al. (2014) model, with deviations of less than 5% for 
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the entire stock, the residential stock, and the non-residential stock. With regards to the 

relatively large deviations between the EUI-model (both LGDP and HGDP) and IEA’s 

(2013) model, similar to the case of the US stock, this could also be due to the higher growth 

rate implemented in the former in comparison with the latter: 6.0% versus 4.8%, 

respectively. Importantly, another factor is likely to be the growth rate in the per capita 

residential and non-residential floor area: while the EUI-model [LGDP] projects this to reach 

27 and 6 m2/person by 2050 (respectively), IEA’s (2013) model shows considerably lower 

estimates of 18 and 2 m2/person. 

  

 

Figure 4-13. Comparison between the floor areas (in billion m2) in 2050 obtained from the EUI-model – under 

both LGDP and HGDP scenarios – and those obtained from other models for China and India, for the entire 

building stock, the residential (RES) stock, and the non-residential (NRES) stock.  

4.5. Conclusion  

This chapter presented the first part of the novel BSEM proposed in Section 3.5 of Chapter 3 

– the EUI-model – which builds and expands on the model created in Chapter 2. The model 

estimates the necessary EUIs for each of the 138 countries, for their newly constructed and 

existing residential and non-residential buildings, under both a 2DS and B2DS climate 

change trajectory, taking into the account the growth in population and built-up area of each 

country. In performing these estimations, the model assumes a globally equitable annual 

building energy consumption per person – that is, each person, regardless of location, has an 
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identical annual building energy ‘budget’ that they can utilise. Drawing from IEA’s 

literature, that budget is estimated to be 3.79 and 3.34 MWh/person•year under the 2DS and 

the B2DS trajectory, respectively. This would entail that countries currently above that 

budget – i.e., largely developed countries – will be required to reduce their stock 

consumption, while those below it – i.e., largely developing countries – will be allowed to 

increase it. This chapter has justified such an approach in that it leads to a ‘fair’ allocation of 

responsibilities, and is in-line with other research – such as the Greenhouse Development 

Rights (GDR) framework (EcoEquity and SEI, 2021) – where the required reduction in a 

country’s GHG emissions is dependent upon that country’s responsibility for, and its 

capability to reduce, its emissions.  

The EUIs were determined for two different GDP per capita growth projections – low 

(termed LGDP) and high (termed HGDP). The modelling period runs from 2017 to 2060, 

and newly constructed buildings were divided into seven generations, with each generation 

spanning seven years. In-line with current best-practices, it has been assumed that each 

generation achieves a 17.25% reduction in the EUI of the preceding generation. For existing 

buildings, similar to what was implemented for Chapter 2’s model, an annual demolition rate 

of 1.5% and 2.0% was assumed for countries part of the OECD (largely developed countries) 

and those outside it (largely developing countries), respectively. Based on current best 

practices, and also similar to what was implemented in Chapter 2’s model, an annual retrofit 

rate of 3% was applied globally. Following the model’s first run, some of the determined 

EUIs for both newly constructed and existing buildings were below/above reasonable limits 

and, therefore, trade-offs were applied between countries. This ensured that the produced 

EUIs fall within current achievable EUI levels.  

For newly constructed buildings, the results have shown that extremely stringent EUIs are 

required to be achieved by some countries – reaching as low as 20 kWh/m2•year for the sixth 

generation (starting 2052) and onwards. This is 33% below the EUI of a Passivhaus 

Premium, the most efficient class of Passivhaus. Expectedly, lower EUIs were required 

under the HGDP scenario and the B2DS trajectory in comparison with the LGDP scenario 

and 2DS trajectory (respectively) – reflecting the notion that the higher the growth rate of 

floor area, the more immense the reduction in EUI needs to be to achieve climate change 

targets. With regards to differences between developed and developing countries, lower 

EUIs were noted for developed countries relative to developing countries, for both 

residential and non-residential newly constructed buildings. This confirms the finding in that 

developed countries have already exceeded their per capita energy ‘budget’, while 

developing countries are still far below it. Within developing countries, lower EUIs are 

required for non-residential buildings in comparison with residential buildings. This is due to 
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the larger difference between current and saturated per capita floor area for non-residential 

buildings and, as such, a higher growth rate in floor areas is expected to occur in non-

residential buildings relative to residential buildings.  

For existing buildings, an intense reduction in their energy consumption was required for 

some countries. For example, countries such as the UK, Germany, and the US were required 

to reduce the average EUI of their existing stock by 53% to 71%, exceeding the current 

upper bound of average energy savings associated with an energy retrofit estimated by the 

IEA at 30%. In contrast with newly constructed buildings, negligible differences were noted 

in the required EUIs between the LGDP scenario and the HGDP scenario – highlighting the 

little effect that GDP growth has on the required EUIs of buildings already built. Akin to 

newly constructed buildings, the results showed that larger reductions in the energy 

consumption of the exiting stock were required by developed countries relative to 

developing countries – confirming the point made above with regards to the exceedance of 

the per capita energy budget by developed countries. The model’s outcome in that developed 

countries, in comparison with developing countries, are required to achieve lower EUIs for 

their building stocks highlights the relative fairness of the pathway proposed in this research, 

which aligns with the forementioned GDR framework.  

When comparing the results of the EUI-model under the 2DS trajectory to those obtained 

from Chapter 2’s model, it was noted that a higher percentage of countries were required to 

achieve a lower EUI range under the EUI-model, in comparison with Chapter 2’s model, for 

the second and sixth generation of newly constructed buildings. For existing buildings, the 

EUI-model estimates that considerably lower EUIs are required compared with Chapter 2’s 

model. This is evident in that in the EUI-model, at least 37% and 38% of countries were 

required to achieve an EUI equal to or less than 71 and 106 kWh/m2•year for their residential 

and non-residential stocks, respectively. This is compared with 99% of countries assumed to 

exceed these EUIs under Chapter 2’s model. These findings confirm, to a large extent, the 

findings of Chapter 2 in that implementing state-of-the-art building energy standards for 

newly constructed buildings, and retrofitting existing buildings to current best practices, is 

insufficient to achieve the sector’s 2DS target and, by extension, its B2DS target.  

Through applying trade-offs between countries, the EUI-model has highlighted the benefits 

of a global cooperative approach towards climate change in that developing countries will be 

able to achieve an ‘acceptable’ level of energy services for their buildings, while ensuring 

that the EUIs required by developed countries are not unreasonably low. Importantly, 

applying these trade-offs has not compromised the robustness of the model in that the 

difference between the required and model-calculated global building energy consumption at 
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year 2060 is no greater than 10% for any given scenario, which is deemed to be a reasonably 

acceptable deviation from the target. 

Importantly, a verification exercise was conducted, following the Black Box Testing 

technique, to assess the sensibility of both the model’s overall output and that of one of its 

parts. The results were in-line with the model’s algorithm, confirming the robustness of the 

model’s internal structure.  

Lastly, towards the end of this chapter, a comparison was conducted for the projected floor 

areas predicted in this thesis (calculated in Chapter 2’s model) and those by other models. 

The comparison was done for the year 2050, and included the residential and non-residential 

building stocks of the world, as well as those of the US, EU-27 countries, China, and India. 

It was shown that, in general, the results of the model compare well with those of other 

models in that deviations of less than 20% were noted in three-quarters of the comparisons.   

The significance of this chapter’s outcome lies in that it established the necessary EUIs for 

138 countries, for both their newly constructed and existing residential and non-residential 

stocks, such that each country contributes its ‘fair share’ towards achieving the sector’s 2DS 

and B2DS targets. This has important implications for policymakers, where the determined 

EUIs represent the foundation around which national building energy codes and policies can 

be designed.  

Crucially, drawing from the concepts introduced in Chapter 1 – i.e., the inevitability of 

degrowth and a steady state economy as the solution to environmental degradation – the 

findings of this chapter somewhat confirm the necessity and applicability of these concept to 

the built environment. That is, if we were to maintain ‘lavish’ levels of consumption within 

our built environment and continue the immense expansion of its floor area, then severe 

improvements in energy efficiency, far greater than what we have been able to accomplish so 

far, must be achieved. An alternate – and perhaps simpler and easier – solution would be to 

downscale the sector, both in terms of the ‘needs’ we expect it to satisfy as well as its size.  

The limitations of the model include the various assumptions and future projections that 

were borrowed from other sources – e.g., GDP per capita growth rates, current and saturated 

per capita floor areas, population projections, and annual retrofit rates. This also includes the 

capped annual energy allowance per capita, estimated by the IEA, for a 2DS and a B2DS-

compliant global buildings sector. Thus, the outcome of the model is only as good as these 

assumptions and projections. Nonetheless, where possible, the more optimistic pathway was 

taken – for example, in the case of annual retrofit rates (3%). Additionally, the 2DS and 

B2DS targets for the global buildings sector (i.e., 35.95 and 31.69 PWh/year, respectively) 

were based on an optimistic decarbonisation rate assumed for the energy sector (as explained 
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in Section 2.3.2), and they only offer a 50% chance of achieving Paris Agreement’s lowest1 

range of ambition. Moreover, the EUI-model does not consider the performance gap, which 

could increase a building’s measured energy consumption by up to four times compared with 

that predicted. Therefore, it can be concluded that the outcome of the model errs on the 

optimistic side and, accordingly, the determined EUIs represent the minimum that each 

country must aspire to if it were to achieve its fair contribution towards lowering the global 

built environment’s energy consumption.  

Finally, while setting an identical per capita building energy allowance across all 138 

countries resulted in a fair responsibility allocation for reducing the sector’s energy 

consumption (i.e., among developed and developing countries), a potential area for future 

research would be to integrate a ‘climatic’ dimension into that allocation. For example, in the 

case of two countries, (A) and (B), let it be supposed that country (A) has a temperate 

climate while (B) has an extremely hot and humid climate. Assuming that both countries 

have a similar level of, and capability to, reduce their current building energy consumption, a 

fairer approach might be to apply a trade-off among them where country (A) would be given 

a lower energy allowance in exchange for increasing the allowance for country (B). This 

would capture the relatively higher energy consumption required by buildings in country (B) 

to achieve an identical level of energy services as those in country (A), everything else being 

the same. 

Moving forward, having established a clear technical pathway for the global built 

environment such that it is on-track to achieve its required energy reductions under both 2DS 

and B2DS trajectories, the next chapter discusses the remaining part of the BSEM and the 

third and last objective of this research. Namely, how can we ‘neutralise’ the effect of 

various socioeconomic phenomena – discussed in Chapter 3 – to ensure that the technical 

pathway proposed in this chapter is achieved in reality?  

 

 

1 The Paris Agreement calls on signatories to limit the rise in global temperature to “well below 2°C” above pre-

industrial levels, and attempt to further limit it to 1.5°C (UNFCC, 2021). Therefore, IEA’s 2DS and B2DS 

climate change trajectories, which offer a 50% of limiting that rise to 2°C and 1.75°C, can be considered as the 

lowest of the agreement’s ambitions.  
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CHAPTER 5. KEEPING THE REBOUND AND ENERGY POVERTY AT BAY: 

A NOVEL TARIFF STRUCTURE  

If we are to achieve results never before accomplished, we must expect to employ methods 

never before attempted.  

- Francis Bacon, philosopher, 1561 – 1621.  

5.1. Restricting energy consumption through penalising lavish lifestyles  

Drawing upon the concepts introduced in Chapter 1 – i.e., energy conservation and 

sufficiency – this chapter explores ways by which the energy consumption levels required to 

meet the sector’s 2DS and B2DS targets (as determined in Chapter 4) are achieved in reality 

and not driven upwards by socioeconomic factors. In essence, how can we ‘cap’ buildings’ 

energy consumption at sustainable levels and ensure that the savings accrued from more 

efficient buildings are not re-spent to acquire ‘lavish’ lifestyles within buildings – e.g., 

wearing t-shirts inside our homes in winter or constructing outdoor swimming pools that are 

artificially heated or cooled.   

With regards to the rebound effect, very few studies exist in current literature which propose 

mechanisms that can mitigate its effect at the economy-wide scale (Font Vivanco et al., 

2016). The mitigation strategies often propose one of three pathways: 1) “consume more 

efficiently”; 2) “consume differently”; or 3) “consume less” (Sorrell, 2010). For reasons 

discussed in Chapter 1 (e.g., that efficiency improvements can lead to new extravagant forms 

of consumption and that an absolute decoupling has not been achieved), researchers such as 

Santarius (2012) postulate that the “consuming less” approach is the most suitable pathway 

and that it can, in theory, eliminate the rebound effect. However, the expectation that people 

will voluntarily consume less of an energy service has been criticised by Sorrell (2010) in 

that it will lead to a reduction in the price of that service and, ultimately, may lead to a higher 

consumption of other services. Therefore, Santarius (2012) proposes that the “consuming 

less” approach must be applied in ‘command and control’ fashion – that is, placing an 

absolute cap on the amount of consumption that is permitted for an energy service.
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One mechanism which can create that ‘cap’ is increasing the price of an energy service at the 

same rate that its efficiency has improved, such that the reduction in the perceived price of 

that service as a result of that improvement is minimised (Levett, 2009; Lin and Liu, 2013; 

L. Hong et al., 2013). But one issue with flatly increasing the price is that it could, if not 

engineered carefully, prolong the payback period of efficiency measures – therefore 

lessening their economic viability and reducing the likelihood of their implementation.  

To illustrate this, let it be supposed that a mid-terrace dwelling in the UK – with gas central 

heating – has an Energy Performance Certificate (EPC) class of “C” and, at an indoor 

temperature of 18°C, consumes 12,000 kWh annually for space heating with an annual cost 

of GBP 456. After the installation of cavity wall insulation, its EPC is now upgraded to class 

“A” and, under the same indoor temperature (18°C), the space heating energy consumption 

will be reduced (theoretically) to 9,237 kWh/year and its cost to GBP 351. However, 

drawing from the literature discussed in Section 3.3.2, the household now has a surplus of 

GBP 105 that it may utilise to increase the indoor temperature (e.g., to 20°C) – leading to a 

reduction in the predicted energy savings, i.e., a rebound effect. To prevent that by 

implementing the above proposal, the gas tariff would have to increase after the efficiency 

upgrade at the same rate that that efficiency has improved. If we assume an installation cost 

of GBP 390 and an annual discount rate of 4%, then under a gas tariff of GBP 0.038/kWh 

(Conventional tariff 1 in figures 5-1 and 5-4) the payback period for the upgrade would be 

four years. Increasing the tariff after the upgrade at the same rate that the efficiency has 

improved – i.e., 23% – would result in a new gas tariff of GBP 0.047/kWh (Conventional 

tariff 2 in figures 5-1, 5-4 and 5-5), leading to a prolonged payback period of 27 years. This 

will undoubtedly discourage the pursuit of efficiency upgrades among homeowners 

(Economist Intelligence Unit, 2012) and negatively affect the rate at which the existing 

building stock is retrofitted.  

Within the buildings sector, one mechanism that has the potential to cap consumption levels 

while, at the same time, maintain the economic viability of energy retrofits is the Increasing 

Block Tariffs (IBTs). In IBTs, consumption is divided into several blocks which increase in 

unit price as the consumption increases1 (Lin and Jiang, 2012; Lin and Liu, 2013; Lu and 

 

 

1 For example, let us assume that a dwelling’s electricity consumption is subject to a two-tier IBT system, where 

the first bock ranges from 0 kWh/month to 200 kWh/month and is priced at GBP 0.15/kWh, and the second block 

is anything above 200 kWh/month and is priced at GBP 0.20/kWh. Accordingly, if that dwelling was to consume 

220 kWh during a given month, then its electricity bill for that month would be (200 × 0.15) + (20 × 0.20) = 

GBP 34.  
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Wang, 2017). In addition to their rebound-reduction benefit, IBTs are often promoted as 

having the potential to alleviate energy poverty and improve social equity through directing 

subsidies towards those in-need – i.e., lower income households – and have been 

implemented in countries such as the US, Japan, China, and Korea (World Wide Fund for 

Nature, 2007; Baker and White, 2008; Lin and Jiang, 2012).  

In the current literature, while the proposed designs of IBTs provide an incentive to reduce 

the rebound effect, they do not necessarily cap energy consumption at a specific level. This 

is fundamentally because the design of the IBT is identical pre- and post-energy retrofit and 

is not linked with the efficiency of the dwelling. To illustrate, and expanding on the previous 

mid-terrace dwelling example, if the consumption levels pre and post retrofit (i.e., 12,000 

kWh and 9,237 kWh, respectively) both fall within the same block (IBT 1 in figures 5-2, 5-4, 

and 5-5), then the household’s gas bill post-retrofit would be 9,237 × 0.038 = GBP 351. 

This means that the household would still have approximately an extra GBP 105 (456 −

351) to spend annually on gas, which might encourage them to increase the indoor 

temperature beyond 18°C.  

One way to prevent this is to alter the design of the IBT once a retrofit has taken place, such 

that if the household now decides to increase the indoor temperature, it would have to pay an 

amount that exceeds its annual budget – that is, larger than GBP 456 – therefore encouraging 

the household to remain within a reasonable indoor comfort level. This requires reducing the 

size of the first block from 12,000 kWh to 9,237 kWh. Taking this one step further, the 

design of the post-retrofit IBT could also include a reduction in the tariff of the first block 

(up to 9,237 kWh), so as to shorten the payback period and further encourage energy retrofits 

from an economic perspective. That is, reducing the tariff from GBP 0.038/kWh to 

0.030/kWh – the latter being labelled as IBT 2 in figures 5-3 to 5-5. As shown in Figure 5-5, 

implementing IBT 2 would reduce the payback period from IBT 1’s four years to two years. 

A comparison of the aforementioned tariff structures with regards to their basic design, their 

resultant space heating energy expenditure at indoor temperatures of 18°C and 20°C, as well 

as the payback period for each, is shown in figures 5-1 to 5-5 (respectively).  
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Figure 5-1. The design of Conventional tariff 1 (pre-retrofit) and Conventional tariff 2 (post-retrofit), with the 

tariff being constant at GBP 0.038/kWh and GBP 0.047/kWh, respectively, irrespective of consumption level.   

 

Figure 5-2. The design of IBT 1, where the first block is any consumption below or equal to 12,000 kWh, the 

second block is any consumption greater than 12,000 kWh and less than 14,400 kWh, the third block is any 

consumption greater than 14,400 kWh and less than 17,280 kWh, and the fourth block is any consumption that 

exceeds 17,280 kWh. 
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Figure 5-3. The design of IBT 2, where the first block is any consumption below or equal to 10,000 kWh, the 

second block is any consumption greater than 10,000 kWh and less than 16,000 kWh, and the third block is any 

consumption that exceeds 16,000 kWh.  

 

Figure 5-4. A comparison of the cost of space heating at indoor temperatures of 18°C and 20°C for an EPC class 

C dwelling under Conventional tariff 1 and Conventional tariff 2, and once upgraded to EPC class A with IBT 

Tariff 1 and IBT Tariff 2.  
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Figure 5-5. A comparison between the payback period under Conventional tariff 2 (GBP 0.047/kWh, shown in 

red dotted line), and that of IBT 1 (GBP 0.038/kWh, shown in black dotted line) and IBT 2 (GBP 0.030/kWh, 

shown in green dotted line). Under Conventional tariff 2, the payback period is 27 years, while that under IBT 1 

and IBT 2 is four years and two years, respectively, assuming the household does not exceed the first block’s 

consumption limit.  

Another socioeconomic factor that can lead to an increase in building energy consumption is 

the income elasticity of demand. As discussed in Section 3.3.1, this is defined as the 

percentage increase in demand with every 1% increase in income and, with regards to 

buildings’ energy consumption, this can be as high as 2.94. Within the context of IBTs, an 

additional improvement that could be applied to their design is linking the tariff of each 

block to the income of the household. In the preceding mid-terrace example, if we assume 

that the household’s annual heating budget – i.e., GBP 456 – represents a certain percentage 

of that household’s income that it is unlikely to exceed, then it follows (as noted in Section 

3.3) that a household with a higher income is likely to have a higher ‘heating budget’ and, 

therefore, also a higher indoor temperature. Following an energy retrofit, the household with 

the higher income is expected to increase its indoor temperature even further, resulting in 

what could be described as a ‘lavish’ energy lifestyle. It is due to this notion that some 

researchers – such as Jamasb and Meier (2010) – propose that a differentiated approach – 

i.e., one that is based on a household’s income – must be taken when devising energy 

policies, such that these policies do result in an incentive for higher-income households to 

reduce their consumption while ensuring that lower-income groups are not unfairly penalised 

and are still able to afford acceptable levels of energy services inside their dwellings.  

Within this context, it is important that note that IBTs – be it those currently implemented in 

the utilities sector or those proposed by different studies – are often designed following what 

is known as the Ramsey pricing mechanism (Bailey, 2003; Lin and Jiang, 2012; Sun and Lin, 

2013; Du et al., 2015; Lu and Price, 2018). The Ramsey pricing is based on the concept of 

inverse elasticity pricing, where consumers are charged in accordance with their price 

elasticity – i.e., responsiveness to price changes. This means that the higher the elasticity 
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(responsiveness) the lower the price, and vice versa (Shepherd, 1992; Lu and Price, 2018). It 

is often envisioned that such a pricing mechanism when applied in the utilities sector would 

result in higher income households – thought to be less responsive to price changes – paying 

more for their services in comparison with lower income households (Bailey, 2003; Sun and 

Lin, 2013). It is for this reason that, as discussed above, IBTs are often commended for their 

ability to improve social equity. However, other studies such as Jamasb and Meier (2010) 

and Schulte and Heindl (2016)  have shown that, in many cases, the price elasticity of lower 

income households is lower than that of higher income ones. This is largely because the 

consumption of lower income households is predominantly comprised of ‘basic’ services, 

whereas that of higher income households is mostly non-essential. Consequently, when the 

price of a service increases, higher income households would, in comparison with lower 

income households, face a lesser loss in marginal utility1 and as such are more likely to 

reduce their consumption (Jamasb and Meier, 2010). As such, IBTs that are based upon the 

Ramsey pricing concept are sometimes criticised in that they have worsened social equity 

and resulted in lower income households subsidising the ‘lavish’ consumption of higher 

income ones (Lu and Price, 2018).  

Another problem with a Ramsey pricing-based IBT is that it disregards the level of income 

of a household. This can lead to the energy expenditure representing a miniscule portion of a 

household’s income and, consequently, encourage it to increase its consumption (as 

discussed above). For example, the paper by Lin and Jiang (2012) aims to design an IBT that 

promotes electricity savings in the Chinese residential sector. Citing other studies, the 

authors state that a household’s electricity expenditure must be 5-10% of its income for that 

household to “feel obvious pressure” to reduce its consumption. Yet, in their proposed IBT, 

the tariff of the fourth (highest) block is only 3% of the income of higher income households 

– casting doubts on the ability of the proposed IBT to entice a reduction in electricity 

consumption.  

Going back to the general concept of IBTs – based on Ramsey pricing or not – another 

critique of this pricing mechanism concerns their design of the first block. This block has the 

lowest tariff (usually set at generation cost or below), and is designed with the intention to 

help low-income households achieve acceptable levels of energy services within their 

 

 

1 As discussed in Section 3.3.1, this is defined as the additional satisfaction (utility) gained from consuming one 

additional unit of goods or services. It is worth noting that the marginal utility is often declining – e.g., the first 

piece of cake often gives more utility (happiness) than the fourth piece. 
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dwellings (Lin and Jiang, 2012). However, this encompasses an implicit assumption that 

these households will necessarily consume less energy compared with middle and higher-

income ones – disregarding the notion that low-income households often reside in inefficient 

dwellings and, therefore, are likely to require more energy to reach acceptable indoor 

comfort levels (Baker, 2001; Hernández and Bird, 2010; Jamasb and Meier, 2010; 

Hernández and Phillips, 2015). As such, part of a low-income household’s energy 

consumption may fall into the higher-tariff second and third blocks, therefore unfairly 

penalising these households and contradicting the proclaimed objective of IBTs of improving 

social equity. Current studies suggest that in order to address this shortcoming, low-income 

households with abnormally high consumption levels should be exempt from the IBT system 

or provided with additional funds that would enable them to achieve acceptable levels of 

energy services (World Wide Fund for Nature, 2007; Baker and White, 2008). However, in 

the majority of current studies that propose new IBT structures – such as Lin and Jiang 

(2012) and Sun and Lin (2013) – the income of a household is not taken into consideration 

when designing the tariff and the volume of the blocks, making these IBTs at risk of 

impeding social equity.  

Lastly, a shortcoming related to the above is that IBTs typically do not account for the size 

of a household, and so they could exacerbate inequality – instead of reducing it – given that 

larger households are charged a higher tariff due to their typically higher consumption levels 

(Baker and White, 2008). Clearly, the degree of inequality is governed by how dominant the 

concept of economies of scale is within certain end uses – i.e., with every additional 

household member, there is either a proportionate (negligible economies of scale) or less 

than proportionate (notable economies of scale) increase in consumption. For example, 

economies of scale plays a significant role in residential energy consumption (Ironmonger et 

al., 1995; Druckman and Jackson, 2008) – that is, a larger household generally consumes 

less energy per capita compared to a smaller household. This is as opposed to residential 

water consumption (Dahan and Nisan, 2007) where it was shown that it increases 

proportionally with the increase in household size. In the IBTs proposed in current studies, 

be it for domestic water (Bailey, 2003) or electricity consumption (Lin and Jiang, 2012; Sun 

and Lin, 2013), it appears that household size was not considered when designing the sizes 

of the blocks nor their tariffs. The solution to this shortcoming, some researchers argue, is to 

design the IBTs in a way where the volume of the blocks is raised as the size of the 

household increases, in order to ‘accommodate’ the higher consumption of larger households 

(Dahan and Nisan, 2007; Whittington and Nauges, 2020). However, this would come at an 

additional ‘administrative cost’ as utilities would have to obtain information on household 

sizes and track its changes through time (Dahan and Nisan, 2007).  
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Drawing on the above, this chapter aims to assess how IBTs can designed to overcome the 

aforementioned limitations, by being based upon the energy efficiency of a dwelling as well 

as the size and income of a household. Ultimately, the aim of the novel tariff structure is to: 

A) ensure that the energy efficiency levels required to meet the sector’s 2DS and B2DS 

targets (as determined in Chapter 4) are achieved in reality through capping energy use at 

these levels and limiting the magnitude of the rebound effect and; B) prevent the unfair 

penalisation of low-income or large households by designing the proposed tariff such that, 

when compared with a conventional tariff, it achieves reductions in energy poverty. This is 

performed through constructing an econometric model1, the structure and methodology of 

which are described in the subsequent Section 5.2, and which builds upon the models 

introduced in chapters two and four. 

It is important to note here that the objective of the model is to showcase the ability of the 

proposed novel IBT in achieving the aforementioned aims, in comparison with a 

conventional tariff, where both tariffs are designed under identical pre-set conditions – i.e., 

current and future cost of energy generation, and required annual revenue. While a sensible 

approach was taken in selecting the parameters of these pre-set conditions, they are 

nonetheless of secondary importance in light of the general objective of this chapter. 

Moreover, the model merely serves as a guide for policymakers through highlighting the 

benefits of the proposed tariff structure and, as such, this exercise is by no means a forecast 

of future tariffs or energy use in the residential sector.  

5.2. Methodology  

The econometric model aims to compare the results of two tariff proposals. The first one, 

termed conventional tariff, is where a flat tariff is introduced and all households pay an 

identical rate regardless of size and income, and the tariff does not change after an energy 

retrofit has taken place. The second, termed proposed tariff, is based upon the concept of 

IBTs, and is determined in accordance with the size and income of a household and changes 

after an energy retrofit has been carried out. In-line with the aims introduced above, the two 

tariff structures are compared from three aspects: A) the ability to cap building energy 

 

 

1 An econometric model is a model that comprises sets of equations and is used to “forecast future developments 

in the economy. In the simplest terms, econometricians measure past relationships among such variables as 

consumer spending, household income, tax rates, interest rates, employment, and the like, and then try to forecast 

how changes in some variables will affect the future course of others” (Hymans, 2021).  
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consumption at levels consistent with the sector’s 2DS and B2DS targets (as determined in 

Chapter 4; B) reduce the magnitude of the rebound effect; and C) the achieved reduction in 

energy poverty instances. To ensure a fair comparison, both tariffs were developed such that 

they generate an identical revenue, based upon a pre-set energy generation cost and a 

‘typical’ profit rate (further discussed in Section 5.2.4).   

As energy poverty is only measured among dwellings (i.e., not applicable to commercial 

buildings), the econometric model created only covers the residential sector. The model 

expands on both Chapter 2’s model and Chapter 4’s EUI-model. Specifically, and as further 

explained in the subsequent sections, the per capita residential floor area – and how this 

changes over time – which is in turn used to calculate a dwelling’s total floor area under 

different household sizes, is based upon Chapter 2’s model. On the other hand, the current 

energy consumption of a dwelling (i.e., before it undergoes a retrofit) and that required for a 

2DS/B2DS trajectory (i.e., after it undergoes a retrofit) is taken from Chapter 4’s EUI-model.  

Given that the forecast for household income used in this research is only available until year 

2035 (further discussed in Section 5.2.2), the econometric model covers the period 2017 to 

2035. Because one of the objectives of the model is to assess the rebound effect – that is, to 

quantify the energy savings ‘lost’ after retrofitting existing buildings – only the exiting 

residential stock was included. For the same reason, the model only includes countries where 

a reduction in the current EUI of the existing residential stock was required to meet a 

country’s 2DS and B2DS deliverables – as opposed to where an increase was permitted (see 

Chapter 4 for details) – such that a ‘rebound’ could have taken place. As such, only the 

existing residential stock of 82 countries was included in this analysis. It is worth noting that 

the same methodology presented here and which was used to develop the proposed tariffs for 

existing dwellings can be used to devise tariffs for newly constructed dwellings. This may be 

explored in future research where, similar to what was performed in this thesis, the ability of 

the proposed tariff to cap energy consumption of newly constructed buildings and reduce the 

extent of energy poverty within them is assessed.  

A flowchart of the model is shown in Figure 5-6, with an explanation for each of terms 

provided in the subsequent sections.  
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Figure 5-6. A flowchart of the econometric model.  

5.2.1. Calculating the rebound effect 

Following Nässén and Holmberg (2009), the rebound effect (𝑅𝐸𝐵𝑝𝑟𝑖𝑐𝑒 in Equation 5.1) is 

calculated by determining the reduction in the perceived price of an energy service as a result 

of an efficiency improvement, taking into account the price elasticity of demand as shown in 

Equation 5.1. Similar to the income elasticity of demand discussed in Section 3.3.1, the price 

elasticity of demand indicates by how much the demand of a service changes with every 1% 

increase in the price of that service. Note that, contrary to the income elasticity of demand, 

the price elasticity of demand is often negative indicating a reduction in the demand of an 

energy service as its price increases.  
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 𝑅𝐸𝐵𝑝𝑟𝑖𝑐𝑒 = 1 −
1

𝛽
× (1 − (1 − 𝛽)𝛼+1) (5.1) 

where 𝛽 is the fractional increase in energy efficiency and 𝛼 is the price elasticity of energy 

demand, assumed to be -0.581 and -0.555 for developed and developing countries, 

respectively, based on Zhu et al. (2018).  

Thus, the actual energy consumption of a service (𝐸′′𝐴) is calculated by first determining the 

net energy reduction – i.e., after subtracting the savings that will ‘rebound’ – and then 

subtracting that from the energy consumption prior to the energy retrofit (𝐸0𝐴), as shown in 

Equation 5.2.  

 𝐸′′𝐴 = 𝐸0𝐴 − (𝐸0𝐴 × 𝛽 × (1 − 𝑅𝐸𝐵𝑝𝑟𝑖𝑐𝑒)) (5.2) 

For example, if a dwelling in a developed country (𝛼 = −0.581) currently consumes 125 

kWh/m2•year (𝐸0𝐴 = 125), and is retrofitted to theoretically reduce its consumption by 

49.46% (𝛽 = 0.4946) to 63 kWh/m2•year, then the magnitude of the rebound effect (𝑅𝑝𝑟𝑖𝑐𝑒) 

would be 49.72%, and its actual post-retrofit energy consumption after the rebound will be 

94 kWh/m2•year. 

Building on the concepts introduced in Section 5.1, the proposed tariff aims to reduce the 

extent of the rebound effect through a novel IBT, where the theoretical post-retrofit energy 

consumption of a dwelling (i.e., 63 kWh/m2•year in the above example) is set as the upper 

limit of the first block, and any consumption exceeding that is heavily penalised. Although 

still unproven empirically, capping consumption at a certain level has been proposed by 

researchers – such as the aforementioned Santarius (2012) – as a way to eliminate the 

rebound effect. Additionally, IBTs have been shown to reduce energy consumption in 

dwellings (World Wide Fund for Nature, 2007; Zou et al., 2020). Therefore, the approach 

proposed in this research is likely to deter households from exceeding the first block’s 

consumption level and, ultimately, eliminate the rebound effect and cap energy consumption 

of buildings at levels consistent with a 2DS and B2DS trajectory (as determined in Chapter 

4). The methodology used to arrive at the sizes of the blocks and their respective tariffs is 

explained in detail in Section 5.2.5.  

5.2.2. Household data  

In the econometric model, the households in each country are categorised according to their 

size and level of income. A country’s total number of households for each household size, 

ranging from one member to six members, was based upon data issued by the United 
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Nations (2020b).  

For level of income, the categorisation of Hellebrandt and Mauro (2015) was followed, 

which in turn was based on the World Bank’s Global Consumption Database (World Bank, 

2020). This categorisation comprises of four income groups, all based on disposable1 

income: A) Lowest: less than USD 1,144 per year; B) Low: from USD 1,144 to 3,252 per 

year; C) Middle: from USD 3,252 to 8,874 per year; and D) Higher: more than 8,874 per 

year. It is important to note that this is the equivalised per capita household income – i.e., the 

amount of income that is available to each member of a household. The equivalence scale 

used in the model is based on the Luxembourg Income Study (LIS) (2018) – the foundation 

for the Hellebrandt and Mauro (2015) study – where the equivalised per capita household 

income is the household’s total income divided by the square root of its size (Luxembourg 

Income Study, 2017b). For example, if a household with four members has a total annual 

income of USD 40,000, then its equivalised per capita income would be: 
40,000

√4
 = USD 

20,000. Hence, in the econometric model, in order to determine a household’s total annual 

income, the equivalised per capita household income (taken from the Hellebrandt and Mauro 

(2015) study) is multiplied by the square root of the household size.  

The percentage that each income group represents within each country’s population, as well 

as how this changes throughout the modelling period (2017 to 2035), also follows the 

projections made by Hellebrandt and Mauro (2015). Their estimates cover the period 2013 to 

2035 and were made for nine socioeconomic regions representing the world: 1) Sub-Saharan 

Africa; 2) South Asia; 3) India; 4) Middle East and North Africa; 5) East Asia and Pacific; 6) 

China; 7) Latin America and the Caribbean; 8) Eastern Europe and Central Asia; and 9) 

countries part of the European Union2 and Organisation for Economic Co-operation and 

Development (OECD).  

5.2.3. Energy consumption per household  

A country’s capped energy consumption at year 𝑖, for its unretrofitted/retrofitted residential 

 

 

1 According to the Luxembourg Income Study (2017a), upon which the econometric model’s income data is 

based, disposable income is defined as: “the sum of monetary and non-monetary income from labour, monetary 

income from capital, monetary social security transfers (including work-related insurance transfers, universal 

transfers, and assistance transfers), and non-monetary social assistance transfers, as well as monetary and non-

monetary private transfers, less the amount of income taxes and social contributions paid.”  

2 Slightly different to what has been done in Chapter 4, the European Union in this chapter includes both Croatia 

and the UK.  
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stock (𝐶𝐸𝑁𝐶𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝑖) required for a 2DS and a B2DS trajectory, is determined using 

Equation 5.3.  

 𝐶𝐸𝑁𝐶𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝑖 = 𝐴𝑅𝐸𝐴𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝑖 × 𝐸𝑈𝐼𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝑖 (5.3) 

where 𝐴𝑅𝐸𝐴𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝑖 is the total area of unretrofitted/retrofitted residential stock 

(respectively) at year 𝑖, and 𝐸𝑈𝐼𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝑖 is the EUI for unretrofitted/retrofitted residential 

stock at year 𝑖 (respectively) – both obtained from the EUI-model of Chapter 4. Note that the 

𝐶𝐸𝑁𝐶𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝑖 is later used in Equation 5.6 to verify that the determined capped annual 

energy consumption per dwelling leads to a stock energy consumption that is consistent with 

each country’s 2DS and B2DS requirements, as determined in Chapter 4’s EUI-model.  

Then, the capped annual energy consumption (in kWh) for a household of size one for an 

unretrofitted/retrofitted dwelling (𝐶𝐸𝑁𝐶𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝐻𝑆1,𝑖) is determined using Equation 5.4. 

To elucidate, the capped annual energy consumption of a dwelling represents the dwelling’s 

maximum energy consumption such that a country’s existing residential building stock is on-

track to achieve its deliverables under 2DS and B2DS trajectories, as determined in the EUI-

model of Chapter 4.  

 𝐶𝐸𝑁𝐶𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝐻𝑆1,𝑖 = 𝐸𝑈𝐼𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝑖 × 𝐻𝐹𝐿𝑅𝐴𝐻𝑆1,𝑖 (5.4) 

where 𝐻𝐹𝐿𝑅𝐴𝐻𝑆1,𝑖 is the floor area of a house with a household size of one. It is important 

to note that the 𝐻𝐹𝐿𝑅𝐴𝐻𝑆1,𝑖 is equivalent to the per capita residential floor area determined 

in Chapter 2’s model and is dynamic – that is, it changes over time as the GDP per capita 

changes.  

Then, to determine the capped energy consumption for the rest of the household sizes (two to 

six, 𝐶𝐸𝑁𝐶𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝐻𝑆2−6,𝑖), the 𝐶𝐸𝑁𝐶𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝐻𝑆1,𝑖 is multiplied by an energy 

expenditure equivalence scale (𝐸𝑁𝐸𝑄𝐻𝑆2−6). The 𝐸𝑁𝐸𝑄𝐻𝑆2−6 reflects the proportionate 

increase in energy expenditure with each additional household member, as shown in 

Equation 5.5.  

 𝐶𝐸𝑁𝐶𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝐻𝑆2−6,𝑖 = 𝐶𝐸𝑁𝐶𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝐻𝑆1,𝑖 × 𝐸𝑁𝐸𝑄𝐻𝑆2−6 (5.5) 

This equivalence scale is based on a study by Kohn and Missong (2003) who determined the 

proportionate change in energy expenditure with the addition of each household member in 

Germany. The scale starts at a household of a single adult (scale value of 1.00) to an adult 

couple with 3 children (scale value of 1.93). It is worth noting that this scale differs from that 

developed by the Organisation for Economic Cooperation and Development (OECD) – often 
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referred to as the OECD-modified scale (Anyaegbu, 2010) – in that the latter was shown to 

overestimate energy expenditure for a household comprising of an adult couple with one 

child or more (Schulte and Heindl, 2016). A comparison between the equivalence scale 

developed by Kohn and Missong (2003) (adopted in the thesis’ econometric model) and that 

by the OECD is shown in Table 5-1.  

Household composition 
Equivalence scale 

Kohn and Missong (2003) OECD-modified scale 

Single adult 1.00 1.00 

Adult couple, no children 1.48 1.50 

Adult couple, 1 child 1.53 1.8 

Adult couple, 2 children 1.73 2.10 

Adult couple, 3 children* 1.93 2.40 

Table 5-1. A comparison between the equivalence scale determined by Kohn and Missong (2003) which was 

used in the econometric model, and that by OECD. * It is worth noting that for a household composition of an 

adult couple and 4 children (household size of six), a scale value of 2.12 was assigned based on linear 

interpolation.  

Next, the resulting total energy consumption of the unretrofitted/retrofitted residential stock 

for each country at year 𝑖 (𝑇𝐸𝑁𝐶𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝑖) is determined using Equation 5.6. This was 

then compared with that country’s 𝐶𝐸𝑁𝐶𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝑖 (determined in Equation 5.3). By 

changing the 𝐶𝐸𝑁𝐶𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝐻𝑆1,𝑖 (in Equation 5.4), and consequently the 

𝐶𝐸𝑁𝐶𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝐻𝑆2−6,𝑖 (in Equation 5.5), up to five iterations were performed until the 

difference between 𝑇𝐸𝑁𝐶𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝑖 and 𝐶𝐸𝑁𝐶𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝑖 is less than 1%. 

 𝑇𝐸𝑁𝐶𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝑖 = ∑ 𝐶𝐸𝑁𝐶𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝐻𝑆1−6,𝑖 (5.6) 

This process would yield the required annual energy consumption for unretrofitted and 

retrofitted dwellings, with household sizes from one to six, for each year for the period 2017 

to 2035, such that the 2DS and B2DS targets for a country’s existing residential building 

stock (as determined in the EUI-model of Chapter 4) are met.  

5.2.4. Cost and revenues  

In order to determine the revenue that is required to be generated by both the conventional 

and proposed tariffs – which will be identical – the cost of energy generation must first be 
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calculated. Following IEA’s projection, implemented in Chapter 2’s model, in that 

renewable energy will make up 80% and 95% of all energy supplied to buildings under a 

2DS and a B2DS trajectory (respectively) (IEA, 2017a), the econometric model implements 

the Levelized Cost of Electricity1 (LCOE) of renewable power systems. The LCOE rates used 

are based upon the International Renewable Energy Agency’s (IRENA) Renewable Cost 

Database (IRENA, 2018). The database provides the LCOE (in 2016 USD/kWh) for seven 

renewable energy generation systems (biomass, geothermal, hydro, solar photovoltaic, 

concentrated solar power, offshore wind, and onshore wind) for nine regions. For each 

region, the median of all seven systems was calculated and implemented as the LCOE for 

that region in the econometric model, as shown in Table 5-2.  

Region 
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Asia 0.06 0.06 0.04 0.09 0.17 0.16 0.04 0.06 

Africa 0.18 0.15 0.06 0.17 0.28 - 0.07 0.16 

Central America 

and the Caribbean 
0.06 0.10 0.09 - - - 0.10 0.10 

Eurasia - - 0.07 0.17 - - 0.04 0.07 

Europe 0.06 0.08 0.13 0.14 - 0.15 0.06 0.11 

Middle East - - 0.07 0.16 0.25 - 0.08 0.12 

North America 0.12 - 0.06 0.13 - 0.24 - 0.13 

Oceania 0.06 - - 0.10 0.21 - 0.06 0.08 

South America - 0.02 0.05 - - - 0.04 0.04 

 

 

1 The Levelized Cost of Electricity is defined as an estimate of the required cost of building and operating a 

power generator over a specified period of time (EIA, 2020).  
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Table 5-2. Levelized Cost of Electricity (LCOE) (in 2016 USD/kWh) for various renewable energy systems in 

different regions, with the region’s median implemented as that region’s LCOE in the econometric model. 

Source: IRENA (2018).  

To determine a country’s LCOE at year 𝑖 (𝐿𝐶𝑂𝐸𝑖 in Equation 5.7), an annual increase rate of 

0.57% and 0.43% was applied to that country’s LCOE (determined from Table 5-2) to allow 

for inflation, based on the average annual increase in domestic electricity prices in developed 

and developing countries, respectively, for the period 2008 to 2018 (IEA, 2020b).  

Next, a profit margin (𝑃𝐹) of 3%, based on the average profit margin achieved in the UK’s 

domestic energy sector from 2009 to 2019 (OFGEM, 2020), is added to each country’s 

𝐿𝐶𝑂𝐸𝑖. The resultant of this is then multiplied by the total energy consumption of the 

unretrofitted/retrofitted stock at year 𝑖 (𝑇𝐸𝑁𝐶𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝑖, determined in Equation 5.6) to 

compute the required revenue at year 𝑖 (𝑅𝐸𝑉𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝑖), as shown in Equation 5.7.  

 𝑅𝐸𝑉𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝑖 = (𝐿𝐶𝑂𝐸𝑖 × (1 + 𝑃𝐹)) × 𝑇𝐸𝑁𝐶𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝑖 (5.7) 

As discussed in the next section, given that the conventional tariff is simply the summation 

of country’s 𝐿𝐶𝑂𝐸𝑖 and the profit margin, the 𝑅𝐸𝑉𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝑖 determined above is only 

utilised for the proposed tariff, where it is used to verify that the yielded revenue matches 

that required for each country.  

5.2.5. Setting the tariffs and block sizes: Conventional tariff versus 

proposed tariff 

The conventional tariff is determined by summing the 𝐿𝐶𝑂𝐸𝑖 and the profit margin, as 

shown in Equation 5.8. Unlike the proposed tariff, the computed conventional tariff for a 

country is identical across all dwellings, regardless of their retrofit status, household size, or 

income level.  

 𝐶𝑇 = (𝐿𝐶𝑂𝐸𝑖 × (1 + 𝑃𝐹)) (5.8) 

As previously discussed, the proposed tariff implements the concept of Increasing Block 

Tariffs (IBTs), where the upper limit of the first block at year 𝑖 (𝐵𝑆𝐼𝑍𝐸𝐵1,𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝐻𝑆1−6,𝑖) 

is equal to the capped energy consumption for a dwelling with a household size of one to six 

(𝐶𝐸𝑁𝐶𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝐻𝑆1−6,𝑖, determined in equations 5.4 and 5.5), divided by 12 to yield a 

monthly value (given that domestic energy bills are often issued on a monthly basis). For 

each country, a distinct 𝐵𝑆𝐼𝑍𝐸𝐵1,𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝐻𝑆1−6,𝑖 is determined for each household size 

(one to six), retrofit status (unretrofitted/retrofitted), and year (2017 to 2035).  
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Given the large variance in current IBTs in the percentage increase in the upper limit 

(kWh/month) of each consecutive block in comparison with the preceding block, which has 

been shown to range from 40% to 200% (Lin and Jiang, 2012), the econometric model opted 

for a relatively moderate 20% increase. This will allow for a more disaggregated breakdown 

of residential energy consumption, which in turn enables enacting a progressively increasing 

‘penalty’ for households that exceed the first block of consumption.  

As such, for the next two consecutive blocks (second and third – 𝐵𝑆𝐼𝑍𝐸𝐵2,𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝐻𝑆1−6,𝑖 

and 𝐵𝑆𝐼𝑍𝐸𝐵3,𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝐻𝑆1−6,𝑖, respectively), their upper limit increases by 20% from that 

of the preceding block. The fourth block (𝐵𝑆𝐼𝑍𝐸𝐵4,𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝐻𝑆1−6,𝑖) is any level of 

consumption that exceeds the upper limit of the third block.  

Following a trial-and-error exercise aimed at reducing the total number of households living 

in energy poverty (discussed and defined in Section 5.2.6) in the 82 analysed countries, the 

tariff of the first block for the Lowest income group (𝑃𝑇𝐵1,𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝐿𝑆,𝐻𝑆1−6,𝑖) is set, 

initially, such that the annual energy expenditure of households belonging to that income 

group is 1% (%𝐼𝑁𝐶) of their total annual income (𝐼𝑁𝐶𝐿𝑆,𝐿,𝑀,𝐻,𝐻𝑆1−6,𝑖). This then increases 

by 40% for each consecutive income group, resulting in an %𝐼𝑁𝐶 of 1.40% for the Low (L) 

income group, 1.96% for the Middle (M) income group, and 2.74% for the Higher (H) 

income group, as shown in Equation 5.9.  

 𝑃𝑇𝐵1,𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝐿𝑆,𝐿,𝑀,𝐻,𝐻𝑆1−6,𝑖 =
𝐼𝑁𝐶𝐿𝑆,𝐿,𝑀,𝐻,𝐻𝑆1−6,𝑖 × %𝐼𝑁𝐶

𝐶𝐸𝑁𝐶𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝐻𝑆1−6,𝑖
 (5.9) 

It is worth reiterating here that, as explained in Section 5.2.2, a household’s total income is 

determined by multiplying its equivalised per capita income – extracted from the Hellebrandt 

and Mauro (2015) study – by the square root of its size.  

The first block’s tariff for the Lowest income group (𝑃𝑇𝐵1,𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝐿𝑆,𝐻𝑆1−6,𝑖) then 

undergoes an iterative process by increasing its %𝐼𝑁𝐶 – and consequently the %𝐼𝑁𝐶 for the 

rest of income groups (𝑃𝑇𝐵1,𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝐿,𝑀,𝐻,𝐻𝑆1−6,𝑖) – until the revenue generated is within 

1% difference of 𝑅𝐸𝑉𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝑖 (determined in Equation 5.7) and the %𝐼𝑁𝐶 of any income 

group is a maximum of 19%. The 19% limit placed upon the %𝐼𝑁𝐶 is based on the higher 

end of the percentage of income attributed to energy expenditure, where this was found to 

range from 4.8% for the richest 10% of households to 19% for the poorest 10%, as 

determined in the study by Heindl (2013) conducted for German households.  

For the second block, its tariff (𝑃𝑇𝐵2,𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝐿𝑆,𝐿,𝑀,𝐻,𝐻𝑆1−6,𝑖) is determined such that if a 

household was to consume the upper limit of this block (𝐵𝑆𝐼𝑍𝐸𝐵2,𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝐻𝑆1−6,𝑖), then its 
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energy expenditure would be a certain percentage (𝑇𝑃%𝐼𝑁𝐶, reasonably determined to be 

20%) above the 19% limit – i.e., 22.8% of its annual income, as shown in Equation 5.10.  

 

 

𝑃𝑇𝐵2,𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝐿𝑆,𝐿,𝑀,𝐻,𝐻𝑆1−6,𝑖 

= (((𝐼𝑁𝐶𝐿𝑆,𝐿,𝑀,𝐻,𝐻𝑆1−6,𝑖 × 𝑇𝑃%𝐼𝑁𝐶) ÷ 12)

− (𝑃𝑇𝐵1,𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝐿𝑆,𝐿,𝑀,𝐻,𝐻𝑆1−6,𝑖

× 𝐵𝑆𝐼𝑍𝐸𝐵1,𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝐻𝑆1−6,𝑖))

÷ (𝐵𝑆𝐼𝑍𝐸𝐵2,𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝐻𝑆1−6,𝑖

− 𝐵𝑆𝐼𝑍𝐸𝐵1,𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝐻𝑆1−6,𝑖) 

 

(5.10) 

 

Similar to the upper limits of the third and fourth blocks, the tariff of each is 20% above the 

tariff of the preceding block, as shown in Equation 5.11. Accordingly, if a household was to 

consume the upper limits of the third and fourth blocks, then its energy expenditure would be 

27% and 33% of its total annual income.  

 
𝑃𝑇𝐵3,𝐵4,𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝐿𝑆,𝐿,𝑀,𝐻,𝐻𝑆1−6,𝑖

= 𝑃𝑇𝐵2,𝐵3,𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝐿𝑆,𝐿,𝑀,𝐻,𝐻𝑆1−6,𝑖 × (1 + 20%) 
(5.11) 

The rationale behind the above formulations is that, as shown in the aforementioned Heindl 

(2013) study, German households are unlikely to spend more than 19% of their annual 

income on domestic energy expenditure. While it has been shown that in some locations this 

percentage is significantly higher – e.g., it reaches 28% in Vermont, US (Teller-Elsberg et 

al., 2016) – a moderate figure of 19% was chosen to ensure that energy expenditure did not 

represent a significant burden on households. Recalling what has been discussed in Section 

5.1 in that households will feel pressured to reduce their consumption if it constitutes 5-10% 

of their income, and that the resulting tariff of the second block is at least four-times that of 

the first block (as is further discussed in the results section), the approach followed in this 

thesis is likely to deter households from consuming more than the upper limit of the first 

block.  

It is important to note here that for the first block of consumption, the 19% limit placed upon 

the %𝐼𝑁𝐶, if reached, will only be reached for the Higher income group, while the rest of 

the income groups would, following Equation 5.9 and starting from the Middle income 

group, have an increasingly lower %𝐼𝑁𝐶. This reflects the social progressiveness of the 
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proposed tariff in that instead of low-income households – who are likely to have higher 

energy bills due to the inefficiency of their dwellings, as discussed in Section 5.1 – paying a 

high percentage of their income on energy expenses, this burden is now placed on higher 

income households. 

Lastly, following on from what has been discussed at the end of Section 5.1, the block sizes 

and tariffs determined above serve as a demonstration of what the proposed tariff is able to 

achieve. While changing these parameters will alter the extent of energy poverty within a 

country – which these parameters were optimised to reduce – it would not affect the resultant 

rebound effect as it has been assumed that the approach taken would, theoretically, eliminate 

it. Ultimately, the decision with regards to these parameters rests with policymakers and will 

be influenced by the expected socioeconomic impact that that decision will have. 

5.2.6. Defining energy poverty and determining its extent  

One of the most common measures of energy poverty is that proposed by Boardman (1991), 

which postulates that if a household has to spend more than 10% of its income on domestic 

energy expenses then it is classified as being energy-poor (Legendre and Ricci, 2015). This 

measure is often criticised in that it does not include a cut-off for high-income households 

where they could still be counted as being energy-poor due to their high energy bills as a 

result of inefficient and/or large dwellings (Hills, 2011). An alternative proposal, put forward 

by Hills (2012) and termed the Low Income High Cost (LIHC) indicator, defines an energy-

poor household as one that meets two conditions: A) it faces energy costs that are above the 

national median and; B) if it was to pay for that cost, it would be left with an income that is 

below the national poverty line. It is this definition of energy poverty that has been 

implemented in this thesis’ econometric model, with two modifications as explained below.  

Firstly, the EUI-model from Chapter 4 has estimated the required energy efficiency levels 

for the existing residential building stock of the 138 countries such that each country’s 

energy reduction targets under both a 2DS and a B2DS trajectory are met. Expanding upon 

that, the capped total annual energy consumption for different household sizes (one to six), 

necessary to achieve the aforementioned efficiency levels, was estimated by this chapter’s 

econometric model, as explained in Section 5.2.3. Accordingly, the econometric model 

assumes that the energy consumption of dwellings with the same household size is identical 

regardless of their level of income and, as such, criterion (A) above is not applicable. 

Therefore, in the model, households with the same size were assumed to have identical 

energy needs.  
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The second modification relates to the way the level of income is calculated to assess if a 

household falls below the national poverty line. In the UK and the European Union, the 

poverty line is defined as 60% of the median national disposable income (UK Parliament, 

2020; European Union, 2018). In the UK, this income is sometimes calculated after 

deducting housing costs, which is the case in the LIHC indicator (Hills, 2012). However, for 

simplicity and as the housing costs and their regional variation would be difficult to obtain 

for each of the 82 countries included in the econometric model, the income level 

implemented (based on the Hellebrandt and Mauro (2015) study) is before housing costs. It 

is important to note here that if the housing cost was deducted when computing the level of 

income, then it would also have to be deducted when determining the national poverty line – 

indicating that the inclusion/exclusion of housing cost would make little difference to the 

percentage of country’s population that is considered energy-poor.   

To calculate the percentage of energy-poor households within a country, the energy 

expenditure of each household at year 𝑖 for the conventional tariff (𝐸𝑋𝑃𝐶𝑇,𝑖) and the 

proposed tariff (𝐸𝑋𝑃𝑃𝑇,𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝐿𝑆,𝐿,𝑀,𝐻,1−6,𝑖) is first calculated using equations 5.12 and 

5.13, respectively.  

 𝐸𝑋𝑃𝐶𝑇,𝑖 = 𝐶𝑇 × 𝐶𝐸𝑁𝐶𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝐻𝑆1−6,𝑖 (5.12) 

 

𝐸𝑋𝑃𝑃𝑇,𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝐿𝑆,𝐿,𝑀,𝐻,𝐻𝑆1−6,𝑖

= 𝑃𝑇𝐵1−𝐵4,𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝐿𝑆,𝐿,𝑀,𝐻,𝐻𝑆1−6,𝑖

× 𝐶𝐸𝑁𝐶𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝐻𝑆1−6,𝑖 

(5.13) 

where 𝐶𝐸𝑁𝐶𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝐻𝑆1−6,𝑖, 𝐶𝑇𝑖, and 𝑃𝑇𝐵1−𝐵4,𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝐿𝑆,𝐿,𝑀,𝐻,𝐻𝑆1−6,𝑖 were calculated 

using equations 5.4 and 5.5, 5.8, and 5.9 and 5.10 (respectively).  

The model considers a household to be energy-poor if its total annual income minus its 

annual energy expenditure falls below a country’s poverty line (𝑃𝑉𝐿𝑖 in equations 5.14 and 

5.15) – i.e., 60% of the national median – for a specific year 𝑖. It is worth noting that this 

poverty line is specific to each country and is dynamic – that is, it fluctuates to reflect the 

changes in income levels, which are based on the study by Hellebrandt and Mauro (2015) as 

discussed in Section 5.2.2.  

Next, the total number of households that are energy-poor in a given year 𝑖, under the 

conventional tariff (𝑇𝐸𝑃𝐶𝑇,𝑖) and the proposed tariff (𝑇𝐸𝑃𝑃𝑇,𝑖), is calculated using equations 

5.14 and 5.15, respectively.  
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 𝑇𝐸𝑃𝐶𝑇,𝑖 = ∑(𝐼𝑁𝐶𝐿𝑆,𝐿,𝑀,𝐻,𝐻𝑆1−6,𝑖 − 𝐸𝑋𝑃𝐶𝑇,𝑖) < 𝑃𝑉𝐿𝑖 (5.14) 

 

 
𝑇𝐸𝑃𝑃𝑇,𝑖 = ∑(𝐼𝑁𝐶𝐿𝑆,𝐿,𝑀,𝐻,𝐻𝑆1−6,𝑖 − 𝐸𝑋𝑃𝑃𝑇,𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝐿𝑆,𝐿,𝑀,𝐻,𝐻𝑆1−6,𝑖)

< 𝑃𝑉𝐿𝑖 

(5.15) 

For clarity, the total number of instances where households were energy-poor for the 

duration of the modelling period (2017 to 2035) is referred to as Energy Poverty Instances 

(EPIs) in the results section.  

5.3. Results and discussion 

This section provides an overview of the results of the econometric model and compares the 

magnitude of the rebound effect and instances of energy poverty under the proposed tariff to 

those under the conventional tariff.  

It is important to reiterate that only the existing residential building stock has been covered 

in the econometric model. Also, only countries in which their required EUI by 2060 for the 

existing residential building stock (i.e., 𝐴𝐸𝑈𝐼𝐸𝑆,2060,2𝐷𝑆,𝐵2𝐷𝑆,𝑅,𝐺𝐷𝑃(𝐿,𝐻) – calculated using 

Equation 4.5 in Chapter 4) is lower than their current EUI (at year 2017) were included – a 

total of 82 countries – as otherwise no rebound effect would occur.   

Additionally, the ensuing analysis only includes countries where the following three 

conditions have been met, as described in sections 5.2.4 and 5.2.5. Firstly, the county’s 

proposed tariff was able to generate the required revenue (𝑅𝐸𝑉𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝑖 in Equation 5.7). 

Second, for all household sizes and levels of income, a household’s first block of 

consumption is no greater than 19% of its annual income (%𝐼𝑁𝐶 ≤ 19%). In order to 

ensure the economic feasibility of retrofits, the third condition is that the proposed tariffs for 

retrofitted dwellings must be no greater1 than those for unretrofitted dwellings, for all 

household sizes and levels of income.  

 

 

1 Countries where their proposed tariffs for retrofitted dwellings were less than 0.2% higher than those for 

unretrofitted dwellings were reasonably considered to be in-compliance with the third condition. This is because 

the 0.2% difference is negligible and would not undermine the economic feasibility of retrofits.  
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Out of the 82 countries examined in the econometric model, a total of 35 countries met the 

aforementioned conditions, 19 (54%) of which are developed countries and 16 (46%) of 

which are developing countries. The majority (76%) of countries that did not meet the above 

conditions belonged to regions where the Higher income group represented only 27% or less 

of their population in 2035: Latin American and the Caribbean, East Asia and Pacific, 

Middle East and North Africa, India, Sub-Saharan Africa, and South Asia. This meant that 

even as households belonging to that income group are charged up to 19% of their income 

for their domestic energy use, it was insufficient to make up for the low tariffs of the other 

income groups and, as such, short of generating the required annual revenue.  

It is important to note that the conventional tariff resulted in zero Energy Poverty Instances 

(EPIs) in 14 out of the 35 countries – meaning that the proposed tariff only made a ‘positive’ 

difference with regards to EPIs in 21 (35 minus 14) countries, of which 15 (71%) are 

developed and 6 (29%) are developing countries. Nonetheless, as explained in the 

subsequent sections 5.3.2 and 5.3.3, the proposed tariffs in the 35 countries have made a 

‘positive’ difference with regards to objectives (A) and (B) discussed in Section 5.2 – that is, 

cap building energy use at sustainable levels (determined in Chapter 4) and reduce the 

magnitude of the rebound effect.  

For brevity, and given that each country requires a total of 10 tables for its conventional and 

proposed tariffs, out of these 21 countries a special focus is provided for the results of the 

one developed and one developing country with the highest capped total building energy 

consumption at year 2060 (𝐶𝑇𝐸𝐶2060,2𝐷𝑆,𝐵2𝐷𝑆 in Equation 4.1 of Chapter 4). The 35 

countries are shown in Table 5-3, with the two countries included in the special focus 

highlighted in grey.  

 Developed countries 
Reduction 

in EPIs? 
Developing countries 

Reduction 

in EPIs? 

1 Japan No Turkey No 

2 Germany Yes Argentina No 

3 France Yes Korea, Republic of No 

4 United Kingdom Yes Uzbekistan No 

5 Italy Yes Ukraine Yes 

6 Spain Yes Kazakhstan No 

7 Australia Yes Chile No 
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 Developed countries 
Reduction 

in EPIs? 
Developing countries 

Reduction 

in EPIs? 

8 Netherlands Yes Azerbaijan No 

9 Czechia Yes 
Hong Kong SAR, 

China 
No 

10 Switzerland Yes Serbia Yes 

11 Greece Yes Uruguay No 

12 Hungary Yes Moldova, Republic of Yes 

13 Portugal No 
Bosnia and 

Herzegovina 
Yes 

14 New Zealand No Armenia No 

15 Ireland Yes Albania Yes 

16 Bulgaria Yes North Macedonia Yes 

17 Lithuania Yes   

18 Latvia Yes   

19 Cyprus No   

Table 5-3. The one developed and one developing country that were chosen for the special focus (Germany and 

Ukraine). These countries were selected from the 19 and 16 developed and developing countries (respectively) 

that met the aforementioned conditions. The one developed and one developing country with the highest 

𝐶𝑇𝐸𝐶2060,2𝐷𝑆,𝐵2𝐷𝑆,𝑃𝑂𝑃(𝐿,𝑀,𝐻) and where their proposed tariff was able to reduce their instances of energy poverty 

were then selected. 

As stipulated at the end of sections 5.1 and 5.2.5, the purpose of the econometric model is 

not to predict the rebound effect or extent of energy poverty within the residential sector but, 

rather, to demonstrate the advantages that the proposed tariff structure has over the 

conventional tariff under identical conditions (i.e., current and future cost of energy 

production and required annual revenue). The detailed parameters of the proposed tariff 

(e.g., block sizes and tariff for each) therefore serve as a guide for policymakers showcasing 

the benefits of an IBT that is based on the income and size of a household. It is then up to 

policymakers to alter these parameters depending on the socioeconomic impact they are 

expected to have.  

The remainder of this section will first provide a general overview of the resultant 

conventional and proposed tariffs (Section 5.3.1), and then compare the performance of the 

two with regards to the rebound effect (Section 5.3.2) and the extent of energy poverty 
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(Section 5.3.3).  

5.3.1. Resultant tariffs: Conventional versus proposed tariff  

The resultant conventional and proposed tariffs for the two developed and developing 

countries, under the low and high GDP growth scenarios (LGDP and HGDP), for the 2DS 

and B2DS trajectories, are shown in tables 5-4 to 5-14. The results for the rest of the 35 

countries are provided in Appendix C of the thesis’ online supplementary data (DOI: 

https://researchdata.bath.ac.uk/990/). For reasons of brevity, the tariffs for only three years 

within the modelling period (2017/2018 (unretrofitted/retrofitted), 2026, and 2035) and two 

household sizes (two and four) under the proposed tariff have been included.  

 

For the conventional tariff, (Table 5-4), it can be noted that the tariff increases over time for 

both developed and developing countries, reflecting the rise in the 𝐿𝐶𝑂𝐸𝑖 as a result of 

inflation (discussed in Section 5.2.4). It can also be noted that both developed and 

developing countries have identical tariffs across all their dwellings, regardless of retrofit 

status (unretrofitted or retrofitted) or household size (one to six). This is because, unlike the 

proposed tariff, the conventional tariff is exclusively based on a country’s 𝐿𝐶𝑂𝐸𝑖 and the 

profit margin (𝑃𝐹, set at 3% as discussed in Section 5.2.4) and, given that these two metrics 

are identical across these countries, their resultant tariff would also be identical.  

For the proposed tariff (tables 5-5 to 5-14), a distinct price is set for each income group 

(Lowest, Low, Medium, and Higher), household size (one to six – note that only two and four 

are listed for brevity), and energy consumption block (one to four). In general, it can be 

noted that the tariff increases as we move to higher income groups and larger households. 

With regards to income groups, it can be noted that, for the first block, the tariff increases as 

we move to a higher income group. For the rest of the blocks, however, an increase in the 

tariff is noted as we move from income group Lowest to Low and Low to Middle, whereas – 

contrary to intuition – a decrease is noted when moving from Middle to Higher. This is 

because the percentage of a household’s income that is allocated for energy expenditure 

(%𝐼𝑁𝐶 in Equation 5.9) in the first block for the Higher income group is considerably closer 

to the limit (set at 19%, as discussed in Section 5.2.5) compared to that of the Middle income 

group. As such, the additional expenditure needed such that the %𝐼𝑁𝐶 of the Higher income 

group is raised to 22.8% (the upper limit of the second block, as shown in Equation 5.10), is 

considerably less than that needed for the Middle income group. For the third and fourth 

block, as they are determined based on the second block (as shown in Equation 5.11), it 

https://researchdata.bath.ac.uk/990/
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follows logically that as the tariff of the second block for the Higher income group is lower 

than that of the Middle income group, then that of the third and fourth blocks would be lower 

as well.  

For household sizes, recall from Section 5.2.2 that the total household income is calculated 

by multiplying the per capita household income (taken from the study by Hellebrandt and 

Mauro (2015)) by the square root of the household size. As such, the increase noted in the 

tariff when moving to a larger household size is due to the higher total household income of 

that larger household. For example, in the case of unretrofitted dwellings occupied by a 

Middle income household in Germany, the tariff for a household of size two is USD 

0.0231/kWh for the first block of consumption (Table 5-5), compared with USD 

0.0280/kWh (1.2 times higher) for a household of size four (Table 5-6). Note that the 

increase is less than proportionate, reflecting the economies of scale that are at play in 

domestic energy consumption (discussed in Section 5.1). It is also worth noting that the 

energy expenditure resulting from consuming the upper limit of the first block under these 

two tariffs (USD 33 per month and USD 47 per month for household size two and four, 

respectively) represents an identical percentage (4.6% for both household sizes) of the 

household’s income. This highlights the novelty of the proposed tariff in that, unlike other 

IBTs discussed in Section 5.1, large households pay the same percentage of their income for 

energy costs as smaller households and, therefore, are not unfairly penalised.  

It is important to note how the proposed tariff compares to the Levelized Cost of Electricity 

in each year (𝐿𝐶𝑂𝐸𝑖 in Equation 5.7). For the first block of consumption, it can be noted that 

the proposed tariff in the Lowest, Low, and Middle income groups is considerably below the 

𝐿𝐶𝑂𝐸𝑖. For instance, in the case of Germany, the proposed tariff for an unretrofitted 

dwelling with a household of size two in the Low income group at year 2017 is USD 

0.0021/kWh (Table 5-5), which is 52 times less than the 𝐿𝐶𝑂𝐸𝑖 of USD 0.11/kWh (Table 

5-2). Contrastingly, a similarly sized household under the Higher income group would have 

a proposed tariff of USD 0.1368/kWh – 1.2 times higher than the 𝐿𝐶𝑂𝐸𝑖.  

Within the context, it is also worth noting the immense increase in tariff as we move from 

the first block of consumption to the second. For example, in the case of Ukraine, the tariff 

of the second block of retrofitted dwellings for a Higher income household of size two 

(Table 5-7) is USD 2.2380/kWh – 9.9 times higher than that of the first block (USD 

0.2250/kWh). In-line with the assumptions made in Section 5.2.5, the resultant energy cost 

of consuming the upper limit of that second block would represent 22.8% of the household’s 

income. Recalling what has been discussed in Section 5.2.5 in that households will feel 

pressured to reduce their consumption if it represents 5-10% of their income, the envisioned 
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tariff is likely to deter households from exceeding their first block of consumption (i.e., that 

required for a 2DS/B2DS trajectory) and, therefore, eliminate the rebound effect.  

Lastly, looking at the block sizes of both developed and developing countries before and 

after an energy retrofit, we can note a higher reduction in the size of the first block of 

developed countries in comparison with that of developing ones. For instance, in the case of 

Germany, the size of the first block of a retrofitted dwelling with a household size of four 

(Table 5-8) is 492 kWh/month – a reduction of 71% from that of an unretrofitted dwelling of 

similar household size (1,668 kWh/month). For Ukraine, a developing country, a lower 

reduction of 57% is noted (414 versus 974 kWh/month). This is in-line with the intended 

‘fair contribution’ concept used in Chapter 4 in that the higher a country’s current per capita 

building energy consumption (7.8 MWh/person•year for Germany, versus 4.3 

MWh/person•year for Ukraine), the higher the reduction it is required to achieve for a 

2DS/B2DS climate change trajectory.  

Conventional tariffs under a 2DS and B2DS trajectory (USD/kWh) 

All dwelling types (unretrofitted and retrofitted) and household sizes (one to six)  

LGDP and HGDP 

# Country 2017 2026 2035 

1 Germany 0.108 0.113 0.119 

2 Ukraine 0.108 0.113 0.119 

Table 5-4. The conventional tariffs under the 2DS and B2DS trajectories, under both the LGDP and HGDP 

scenarios, for the one developing country and one developed country chosen for the special focus. Results for the 

rest of the 35 countries are available in in Appendix C of the thesis’ online supplementary data (DOI: 

https://researchdata.bath.ac.uk/990/). 
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Proposed tariffs and block sizes under 2DS and B2DS trajectories (USD/kWh and kWh/month, respectively) 

Unretrofitted dwellings. Household size: two 

# 
Income 

group 

Year 2017 2026 2035 

Block 1st 2nd 3rd 4th 1st 2nd 3rd 4th 1st 2nd 3rd 4th 

Country             

1  Germany             

 
Block size 

(kWh/month) 
 

1,427 1,712 2,055 2,056 1,414 1,697 2,036 2,037 1,402 1,682 2,019 2,020 

 Lowest  0.0003 0.1064 0.1276 0.1532 0.0003 0.1074 0.1288 0.1546 0.0003 0.1084 0.1300 0.1560 

 Low  0.0021 0.1966 0.2359 0.2830 0.0020 0.1986 0.2383 0.2860 0.0020 0.2007 0.2409 0.2890 

 Middle  0.0231 0.4551 0.5461 0.6554 0.0228 0.4622 0.5546 0.6655 0.0221 0.4705 0.5646 0.6776 

 Higher  0.1368 0.1517 0.1820 0.2184 0.1345 0.1703 0.2044 0.2453 0.1306 0.1975 0.2370 0.2844 

2  Ukraine             

 
Block size 

(kWh/month) 
 

833 1,000 1,199 1,200 827 992 1,191 1,192 819 982 1,179 1,180 

 Lowest  0.0005 0.1823 0.2187 0.2625 0.0004 0.1840 0.2208 0.2650 0.0003 0.1863 0.2236 0.2683 

 Low  0.0035 0.3370 0.4044 0.4853 0.0029 0.3427 0.4112 0.4934 0.0022 0.3497 0.4196 0.5035 



Keeping the rebound and energy poverty at bay: A novel tariff structure 

126 

 

Proposed tariffs and block sizes under 2DS and B2DS trajectories (USD/kWh and kWh/month, respectively) 

Unretrofitted dwellings. Household size: two 

# 
Income 

group 

Year 2017 2026 2035 

Block 1st 2nd 3rd 4th 1st 2nd 3rd 4th 1st 2nd 3rd 4th 

Country             

 Middle  0.0390 0.7829 0.9395 1.1274 0.0322 0.8241 0.9889 1.1867 0.0247 0.8715 1.0459 1.2550 

 Higher  0.2305 0.2789 0.3347 0.4016 0.1903 0.4905 0.5886 0.7064 0.1461 0.7261 0.8713 1.0456 

Table 5-5. The proposed tariffs and block sizes under the 2DS projection, for unretrofitted dwellings, with a household size of two, for the one developing country and one developed country 

chosen for the special focus. Results for the rest of the 35 countries are available in in Appendix C of the thesis’ online supplementary data (DOI: https://researchdata.bath.ac.uk/990/). 
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Proposed tariffs and block sizes under 2DS and B2DS trajectories (USD/kWh and kWh/month, respectively) 

Unretrofitted dwellings. Household size: four 

# 
Income 

group 

Year 2017 2026 2035 

Block 1st 2nd 3rd 4th 1st 2nd 3rd 4th 1st 2nd 3rd 4th 

Country             

1  Germany             

 
Block size 

(kWh/month) 
 

1,668 2,002 2,402 2,403 1,653 1,984 2,380 2,381 1,639 1,967 2,360 2,361 

 Lowest  0.0003 0.1287 0.1544 0.1853 0.0003 0.1299 0.1559 0.1871 0.0003 0.1311 0.1573 0.1888 

 Low  0.0025 0.2378 0.2854 0.3424 0.0025 0.2403 0.2883 0.3460 0.0024 0.2428 0.2914 0.3497 

 Middle  0.0280 0.5506 0.6608 0.7929 0.0275 0.5591 0.6710 0.8052 0.0267 0.5693 0.6831 0.8198 

 Higher  0.1655 0.1835 0.2202 0.2642 0.1628 0.2061 0.2473 0.2967 0.1580 0.2390 0.2868 0.3441 

2  Ukraine             

 
Block size 

(kWh/month) 
 

974 1,168 1,402 1,403 967 1,160 1,392 1,393 957 1,148 1,378 1,379 

 Lowest  0.0005 0.2205 0.2646 0.3175 0.0005 0.2226 0.2671 0.3206 0.0003 0.2254 0.2705 0.3246 

 Low  0.0042 0.4077 0.4893 0.5871 0.0035 0.4146 0.4975 0.5970 0.0027 0.4230 0.5077 0.6092 
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Proposed tariffs and block sizes under 2DS and B2DS trajectories (USD/kWh and kWh/month, respectively) 

Unretrofitted dwellings. Household size: four 

# 
Income 

group 

Year 2017 2026 2035 

Block 1st 2nd 3rd 4th 1st 2nd 3rd 4th 1st 2nd 3rd 4th 

Country             

 Middle  0.0472 0.9472 1.1366 1.3639 0.0390 0.9970 1.1965 1.4357 0.0299 1.0544 1.2653 1.5184 

 Higher  0.2788 0.3374 0.4049 0.4859 0.2302 0.5935 0.7122 0.8546 0.1767 0.8785 1.0542 1.2650 

Table 5-6. The proposed tariffs and block sizes under the 2DS projection, for unretrofitted dwellings, with a household size of four, for the one developing country and one developed country. 

Results for the rest of the 35 countries are available in in Appendix C of the thesis’ online supplementary data (DOI: https://researchdata.bath.ac.uk/990/). 
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Proposed tariffs and block sizes under 2DS projection (USD/kWh and kWh/month, respectively) 

Retrofitted dwellings. LGDP. Household size: two 

# 
Income 

group 

Year 2018 2026 2035 

Block 1st 2nd 3rd 4th 1st 2nd 3rd 4th 1st 2nd 3rd 4th 

Country             

1  Germany             

 
Block size 

(kWh/month) 
 

421 505 606 607 421 505 606 607 421 505 606 607 

 Lowest  0.0003 0.3641 0.4369 0.5243 0.0003 0.3641 0.4369 0.5243 0.0003 0.3641 0.4369 0.5243 

 Low  0.0021 0.6917 0.8301 0.9961 0.0020 0.6919 0.8302 0.9963 0.0020 0.6919 0.8303 0.9963 

 Middle  0.0231 1.8212 2.1855 2.6225 0.0228 1.8227 2.1872 2.6247 0.0227 1.8230 2.1875 2.6251 

 Higher  0.1364 2.1524 2.5828 3.0994 0.1347 2.1611 2.5933 3.1120 0.1344 2.1627 2.5952 3.1143 

2  Ukraine             

 
Block size 

(kWh/month) 
 

355 425 511 512 355 425 511 512 355 425 511 512 

 Lowest  0.0004 0.4313 0.5176 0.6211 0.0004 0.4317 0.5180 0.6216 0.0003 0.4319 0.5183 0.6220 

 Low  0.0034 0.8158 0.9790 1.1748 0.0029 0.8186 0.9823 1.1788 0.0024 0.8207 0.9848 1.1818 
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Proposed tariffs and block sizes under 2DS projection (USD/kWh and kWh/month, respectively) 

Retrofitted dwellings. LGDP. Household size: two 

# 
Income 

group 

Year 2018 2026 2035 

Block 1st 2nd 3rd 4th 1st 2nd 3rd 4th 1st 2nd 3rd 4th 

Country             

 Middle  0.0381 2.1072 2.5287 3.0344 0.0319 2.1381 2.5657 3.0789 0.0273 2.1612 2.5935 3.1122 

 Higher  0.2250 2.2380 2.6856 3.2227 0.1885 2.4205 2.9046 3.4856 0.1611 2.5571 3.0685 3.6822 

Table 5-7. The proposed tariffs and block sizes under the 2DS projection, for retrofitted dwellings, with a household size of two, under the low-GDP growth scenario (LGDP) for the one 

developing country and one developed country chosen for the special focus. Results for the rest of the 35 countries are available in in Appendix C of the thesis’ online supplementary data (DOI: 

https://researchdata.bath.ac.uk/990/). 
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Proposed tariffs and block sizes under 2DS projection (USD/kWh and kWh/month, respectively) 

Retrofitted dwellings. LGDP. Household size: four 

# 
Income 

group 

Year 2018 2026 2035 

Block 1st 2nd 3rd 4th 1st 2nd 3rd 4th 1st 2nd 3rd 4th 

Country             

1  Germany             

 
Block size 

(kWh/month) 
 

492 548 604 605 492 548 604 605 492 548 604 605 

 Lowest  0.0003 0.7620 0.9144 1.0973 0.0003 0.7621 0.9145 1.0974 0.0003 0.7621 0.9145 1.0974 

 Low  0.0025 1.4478 1.7374 2.0848 0.0025 1.4481 1.7377 2.0852 0.0025 1.4481 1.7378 2.0853 

 Middle  0.0279 3.8119 4.5742 5.4891 0.0276 3.8150 4.5779 5.4935 0.0275 3.8155 4.5786 5.4943 

 Higher  0.1651 4.5050 5.4060 6.4872 0.1629 4.5233 5.4280 6.5136 0.1626 4.5266 5.4319 6.5183 

2  Ukraine             

 
Block size 

(kWh/month) 
 

414 462 509 510 414 462 509 510 414 462 509 510 

 Lowest  0.0005 0.9028 1.0833 1.3000 0.0004 0.9035 1.0842 1.3010 0.0004 0.9041 1.0849 1.3019 

 Low  0.0041 1.7076 2.0491 2.4589 0.0035 1.7134 2.0561 2.4673 0.0030 1.7177 2.0613 2.4735 
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Proposed tariffs and block sizes under 2DS projection (USD/kWh and kWh/month, respectively) 

Retrofitted dwellings. LGDP. Household size: four 

# 
Income 

group 

Year 2018 2026 2035 

Block 1st 2nd 3rd 4th 1st 2nd 3rd 4th 1st 2nd 3rd 4th 

Country             

 Middle  0.0461 4.4105 5.2926 6.3511 0.0386 4.4752 5.3702 6.4442 0.0330 4.5235 5.4282 6.5139 

 Higher  0.2722 4.6841 5.6210 6.7452 0.2280 5.0663 6.0795 7.2954 0.1950 5.3521 6.4225 7.7070 

Table 5-8. The proposed tariffs and block sizes under the 2DS projection, for retrofitted dwellings, with a household size of four, under the high-GDP growth scenario (HGDP) for the one 

developing country and one developed country chosen for the special focus. Results for the rest of the 35 countries are available in in Appendix C of the thesis’ online supplementary data (DOI: 

https://researchdata.bath.ac.uk/990/).  
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Proposed tariffs and block sizes under B2DS projection (USD/kWh and kWh/month, respectively) 

Retrofitted dwellings. LGDP. Household size: two 

# 
Income 

group 

Year 2018 2026 2035 

Block 1st 2nd 3rd 4th 1st 2nd 3rd 4th 1st 2nd 3rd 4th 

Country             

1  Germany             

 
Block size 

(kWh/month) 
 

421 505 606 607 421 505 606 607 421 505 606 607 

 Lowest  0.0003 0.3641 0.4369 0.5243 0.0003 0.3641 0.4369 0.5243 0.0003 0.3641 0.4369 0.5243 

 Low  0.0021 0.6917 0.8301 0.9961 0.0020 0.6919 0.8302 0.9963 0.0020 0.6919 0.8303 0.9963 

 Middle  0.0231 1.8212 2.1855 2.6225 0.0228 1.8227 2.1872 2.6247 0.0227 1.8230 2.1875 2.6251 

 Higher  0.1364 2.1524 2.5828 3.0994 0.1347 2.1611 2.5933 3.1120 0.1344 2.1627 2.5952 3.1143 

2  Ukraine             

 
Block size 

(kWh/month) 
 

355 425 511 512 355 425 511 512 355 425 511 512 

 Lowest  0.0004 0.4313 0.5176 0.6211 0.0004 0.4317 0.5180 0.6216 0.0003 0.4320 0.5183 0.6220 

 Low  0.0034 0.8158 0.9790 1.1748 0.0029 0.8187 0.9824 1.1789 0.0024 0.8208 0.9849 1.1819 
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Proposed tariffs and block sizes under B2DS projection (USD/kWh and kWh/month, respectively) 

Retrofitted dwellings. LGDP. Household size: two 

# 
Income 

group 

Year 2018 2026 2035 

Block 1st 2nd 3rd 4th 1st 2nd 3rd 4th 1st 2nd 3rd 4th 

Country             

 Middle  0.0381 2.1073 2.5288 3.0345 0.0318 2.1387 2.5664 3.0797 0.0271 2.1622 2.5946 3.1136 

 Higher  0.2249 2.2384 2.6861 3.2233 0.1878 2.4239 2.9087 3.4904 0.1600 2.5629 3.0754 3.6905 

Table 5-9. The proposed tariffs and block sizes under the B2DS projection, for retrofitted dwellings, with a household size of two, under the low-GDP growth scenario (LGDP) for the one 

developing country and one developed country chosen for the special focus. Results for the rest of the 35 countries are available in in Appendix C of the thesis’ online supplementary data (DOI: 

https://researchdata.bath.ac.uk/990/).  
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Proposed tariffs and block sizes under B2DS projection (USD/kWh and kWh/month, respectively) 

Retrofitted dwellings. LGDP. Household size: four 

# 
Income 

group 

Year 2018 2026 2035 

Block 1st 2nd 3rd 4th 1st 2nd 3rd 4th 1st 2nd 3rd 4th 

Country             

1  Germany             

 
Block size 

(kWh/month) 
 

492 548 604 605 492 548 604 605 492 548 604 605 

 Lowest  0.0003 0.7620 0.9144 1.0973 0.0003 0.7621 0.9145 1.0974 0.0003 0.7621 0.9145 1.0974 

 Low  0.0025 1.4478 1.7374 2.0848 0.0025 1.4481 1.7377 2.0852 0.0025 1.4481 1.7378 2.0853 

 Middle  0.0279 3.8119 4.5742 5.4891 0.0276 3.8150 4.5779 5.4935 0.0275 3.8155 4.5786 5.4943 

 Higher  0.1651 4.5050 5.4060 6.4872 0.1629 4.5233 5.4280 6.5136 0.1626 4.5266 5.4319 6.5183 

2  Ukraine             

 
Block size 

(kWh/month) 
 

414 462 509 510 414 462 509 510 414 462 509 510 

 Lowest  0.0005 0.9028 1.0833 1.3000 0.0004 0.9035 1.0842 1.3011 0.0004 0.9041 1.0849 1.3019 

 Low  0.0041 1.7076 2.0491 2.4589 0.0035 1.7135 2.0562 2.4674 0.0029 1.7179 2.0615 2.4738 
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Proposed tariffs and block sizes under B2DS projection (USD/kWh and kWh/month, respectively) 

Retrofitted dwellings. LGDP. Household size: four 

# 
Income 

group 

Year 2018 2026 2035 

Block 1st 2nd 3rd 4th 1st 2nd 3rd 4th 1st 2nd 3rd 4th 

Country             

 Middle  0.0460 4.4107 5.2928 6.3513 0.0384 4.4764 5.3716 6.4460 0.0328 4.5256 5.4307 6.5168 

 Higher  0.2721 4.6851 5.6221 6.7465 0.2272 5.0733 6.0880 7.3056 0.1936 5.3642 6.4370 7.7244 

Table 5-10. The proposed tariffs and block sizes under the B2DS projection, for retrofitted dwellings, with a household size of four, under the high-GDP growth scenario (HGDP) for the one 

developing country and one developed country chosen for the special focus. Results for the rest of the 35 countries are available in in Appendix C of the thesis’ online supplementary data (DOI: 

https://researchdata.bath.ac.uk/990/).  
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Proposed tariffs and block sizes under 2DS projection (USD/kWh and kWh/month, respectively) 

Retrofitted dwellings. HGDP. Household size: two 

# 
Income 

group 

Year 2018 2026 2035 

Block 1st 2nd 3rd 4th 1st 2nd 3rd 4th 1st 2nd 3rd 4th 

Country             

1  Germany             

 
Block size 

(kWh/month) 
 

421 505 606 607 421 505 606 607 421 505 606 607 

 Lowest  0.0003 0.3641 0.4369 0.5243 0.0003 0.3641 0.4369 0.5243 0.0003 0.3641 0.4369 0.5243 

 Low  0.0021 0.6917 0.8301 0.9961 0.0020 0.6919 0.8302 0.9963 0.0020 0.6919 0.8303 0.9963 

 Middle  0.0231 1.8212 2.1855 2.6225 0.0228 1.8227 2.1872 2.6247 0.0227 1.8230 2.1875 2.6251 

 Higher  0.1364 2.1524 2.5828 3.0994 0.1347 2.1611 2.5933 3.1120 0.1344 2.1627 2.5952 3.1143 

2  Ukraine             

 
Block size 

(kWh/month) 
 

355 425 511 512 355 425 511 512 355 425 511 512 

 Lowest  0.0004 0.4313 0.5176 0.6211 0.0004 0.4317 0.5180 0.6216 0.0003 0.4319 0.5183 0.6220 

 Low  0.0034 0.8158 0.9790 1.1748 0.0029 0.8186 0.9823 1.1788 0.0024 0.8207 0.9848 1.1818 
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Proposed tariffs and block sizes under 2DS projection (USD/kWh and kWh/month, respectively) 

Retrofitted dwellings. HGDP. Household size: two 

# 
Income 

group 

Year 2018 2026 2035 

Block 1st 2nd 3rd 4th 1st 2nd 3rd 4th 1st 2nd 3rd 4th 

Country             

 Middle  0.0381 2.1072 2.5287 3.0344 0.0319 2.1381 2.5657 3.0789 0.0273 2.1612 2.5935 3.1122 

 Higher  0.2250 2.2380 2.6856 3.2227 0.1885 2.4205 2.9046 3.4856 0.1611 2.5571 3.0685 3.6822 

Table 5-11. The proposed tariffs and block sizes under the 2DS projection, for retrofitted dwellings, with a household size of two, under the low-GDP growth scenario (LGDP) for the one 

developing country and one developed country chosen for the special focus. Results for the rest of the 35 countries are available in in Appendix C of the thesis’ online supplementary data (DOI: 

https://researchdata.bath.ac.uk/990/).  
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Proposed tariffs and block sizes under 2DS projection (USD/kWh and kWh/month, respectively) 

Retrofitted dwellings. HGDP. Household size: four 

# 
Income 

group 

Year 2018 2026 2035 

Block 1st 2nd 3rd 4th 1st 2nd 3rd 4th 1st 2nd 3rd 4th 

Country             

1  Germany             

 
Block size 

(kWh/month) 
 

590 708 709 548 590 708 709 548 590 708 709 548 

 Lowest  0.0003 0.4405 0.5286 0.6343 0.0003 0.4405 0.5286 0.6343 0.0003 0.4405 0.5286 0.6343 

 Low  0.0025 0.8369 1.0043 1.2051 0.0025 0.8370 1.0044 1.2053 0.0025 0.8371 1.0045 1.2054 

 Middle  0.0279 2.2034 2.6441 3.1729 0.0276 2.2052 2.6462 3.1755 0.0275 2.2055 2.6466 3.1759 

 Higher  0.1651 2.6040 3.1248 3.7498 0.1629 2.6146 3.1375 3.7651 0.1626 2.6165 3.1398 3.7678 

2  Ukraine             

 
Block size 

(kWh/month) 
 

497 597 598 462 497 597 598 462 497 597 598 462 

 Lowest  0.0005 0.5218 0.6262 0.7514 0.0004 0.5223 0.6267 0.7521 0.0004 0.5226 0.6271 0.7525 

 Low  0.0041 0.9870 1.1845 1.4213 0.0035 0.9904 1.1885 1.4262 0.0030 0.9929 1.1915 1.4298 
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Proposed tariffs and block sizes under 2DS projection (USD/kWh and kWh/month, respectively) 

Retrofitted dwellings. HGDP. Household size: four 

# 
Income 

group 

Year 2018 2026 2035 

Block 1st 2nd 3rd 4th 1st 2nd 3rd 4th 1st 2nd 3rd 4th 

Country             

 Middle  0.0461 2.5494 3.0593 3.6712 0.0386 2.5868 3.1042 3.7250 0.0330 2.6148 3.1377 3.7653 

 Higher  0.2722 2.7076 3.2491 3.8989 0.2280 2.9285 3.5142 4.2170 0.1950 3.0937 3.7124 4.4549 

Table 5-12. The proposed tariffs and block sizes under the 2DS projection, for retrofitted dwellings, with a household size of four, under the high-GDP growth scenario (HGDP) for the one 

developing country and one developed country chosen for the special focus. Results for the rest of the 35 countries are available in in Appendix C of the thesis’ online supplementary data (DOI: 

https://researchdata.bath.ac.uk/990/).  
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Proposed tariffs and block sizes under B2DS projection (USD/kWh and kWh/month, respectively) 

Retrofitted dwellings. HGDP. Household size: two 

# 
Income 

group 

Year 2018 2026 2035 

Block 1st 2nd 3rd 4th 1st 2nd 3rd 4th 1st 2nd 3rd 4th 

Country             

1  Germany             

 
Block size 

(kWh/month) 
 

481 578 693 694 481 578 693 694 481 578 693 694 

 Lowest  0.0003 0.3181 0.3817 0.4580 0.0003 0.3181 0.3817 0.4580 0.0003 0.3181 0.3817 0.4580 

 Low  0.0020 0.6037 0.7244 0.8693 0.0019 0.6038 0.7246 0.8695 0.0019 0.6038 0.7246 0.8695 

 Middle  0.0219 1.5827 1.8993 2.2791 0.0217 1.5839 1.9007 2.2808 0.0217 1.5839 1.9007 2.2808 

 Higher  0.1297 1.8288 2.1946 2.6335 0.1283 1.8357 2.2028 2.6434 0.1282 1.8359 2.2030 2.6436 

2  Ukraine             

 
Block size 

(kWh/month) 
 

355 425 511 512 355 425 511 512 355 425 511 512 

 Lowest  0.0004 0.4313 0.5176 0.6211 0.0004 0.4317 0.5180 0.6216 0.0003 0.4320 0.5183 0.6220 

 Low  0.0034 0.8158 0.9790 1.1748 0.0029 0.8187 0.9824 1.1789 0.0024 0.8208 0.9849 1.1819 
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Proposed tariffs and block sizes under B2DS projection (USD/kWh and kWh/month, respectively) 

Retrofitted dwellings. HGDP. Household size: two 

# 
Income 

group 

Year 2018 2026 2035 

Block 1st 2nd 3rd 4th 1st 2nd 3rd 4th 1st 2nd 3rd 4th 

Country             

 Middle  0.0381 2.1073 2.5288 3.0345 0.0318 2.1387 2.5664 3.0797 0.0271 2.1622 2.5946 3.1136 

 Higher  0.2249 2.2384 2.6861 3.2233 0.1878 2.4239 2.9087 3.4904 0.1600 2.5629 3.0754 3.6905 

Table 5-13. The proposed tariffs and block sizes under the B2DS projection, for retrofitted dwellings, with a household size of two, under the low-GDP growth scenario (LGDP) for the one 

developing country and one developed country chosen for the special focus. Results for the rest of the 35 countries are available in in Appendix C of the thesis’ online supplementary data (DOI: 

https://researchdata.bath.ac.uk/990/). 

 

 

 

 

https://researchdata.bath.ac.uk/990/


Chapter 5 

143 

 

Proposed tariffs and block sizes under B2DS projection (USD/kWh and kWh/month, respectively) 

Retrofitted dwellings. HGDP. Household size: four 

# 
Income 

group 

Year 2018 2026 2035 

Block 1st 2nd 3rd 4th 1st 2nd 3rd 4th 1st 2nd 3rd 4th 

Country             

1  Germany             

 
Block size 

(kWh/month) 
 

590 708 709 548 590 708 709 548 590 708 709 548 

 Lowest  0.0003 0.4405 0.5286 0.6343 0.0003 0.4405 0.5286 0.6343 0.0003 0.4405 0.5286 0.6343 

 Low  0.0025 0.8369 1.0043 1.2051 0.0025 0.8370 1.0044 1.2053 0.0025 0.8371 1.0045 1.2054 

 Middle  0.0279 2.2034 2.6441 3.1729 0.0276 2.2052 2.6462 3.1755 0.0275 2.2055 2.6466 3.1759 

 Higher  0.1651 2.6040 3.1248 3.7498 0.1629 2.6146 3.1375 3.7651 0.1626 2.6165 3.1398 3.7678 

2  Ukraine             

 
Block size 

(kWh/month) 
 

497 597 598 462 497 597 598 462 497 597 598 462 

 Lowest  0.0005 0.5218 0.6262 0.7514 0.0004 0.5223 0.6267 0.7521 0.0004 0.5226 0.6271 0.7525 

 Low  0.0041 0.9871 1.1845 1.4214 0.0035 0.9905 1.1886 1.4263 0.0029 0.9930 1.1916 1.4299 
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Proposed tariffs and block sizes under B2DS projection (USD/kWh and kWh/month, respectively) 

Retrofitted dwellings. HGDP. Household size: four 

# 
Income 

group 

Year 2018 2026 2035 

Block 1st 2nd 3rd 4th 1st 2nd 3rd 4th 1st 2nd 3rd 4th 

Country             

 Middle  0.0460 2.5495 3.0594 3.6713 0.0384 2.5875 3.1050 3.7260 0.0328 2.6159 3.1391 3.7670 

 Higher  0.2721 2.7081 3.2498 3.8997 0.2272 2.9326 3.5191 4.2229 0.1936 3.1007 3.7208 4.4650 

Table 5-14. The proposed tariffs and block sizes under the B2DS projection, for retrofitted dwellings, with a household size of four, under the high-GDP growth scenario (HGDP) for the one 

developing country and one developed country chosen for the special focus. Results for the rest of the 35 countries are available in in Appendix C of the thesis’ online supplementary data (DOI: 

https://researchdata.bath.ac.uk/990/).   
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5.3.2. The rebound effect 

Reiterating what has been discussed in Section 5.3, the proposed tariff is able to theoretically 

eliminate the rebound effect expected to occur as a result of retrofitting the existing 

residential stock in the 35 countries shown in Table 5-3. The results below, therefore, show 

the magnitude of the rebound effect expected to occur under the conventional tariff. The 

econometric model predicts that this will range from a minimum of 34% (in the case of 

Republic of Korea) to a maximum of 55% (in the case of Portugal), under both the 2DS and 

B2DS trajectories, for the LGDP and HGDP scenarios – that is, 34% to 55% of the predicted 

energy savings in each of the 35 countries will not be achieved. Consequently, it is projected 

that at any given year, for the entire retrofitted residential building stock of the 35 countries, 

the actual annual energy consumed after considering the rebound effect is 57% and 58% (for 

the 2DS LGDP and HGDP scenario) and 58% and 59% (for the B2DS LGDP and HGDP 

scenario) higher than that required under a 2DS and a B2DS trajectory, as determined in 

Chapter 4’s EUI-model. The total annual energy consumption of the retrofitted dwellings of 

the 35 countries before (dashed line) and after (solid line) considering the rebound is shown 

in Figure 5-7. It can be noted that at the end of the modelling period (2035), the existing 

residential building stock’s consumption is 1,034 and 1,623 TWh/year before and after 

considering the rebound effect (respectively) – a difference of 589 TWh per year. Putting 

this into context, in the year 2035, the amount of energy savings lost – i.e., not realised – 

each year due to the rebound effect in the 35 countries is equivalent to Italy’s entire building 

stock current annual energy consumption.  

The rebound effect for each of the 35 countries is provided in Appendix C of the thesis’ 

online supplementary data (DOI: https://researchdata.bath.ac.uk/990/).  

 

Figure 5-7. The annual energy consumption of retrofitted dwellings in the 35 countries, before and after 

considering the rebound effect, for the LGDP scenario and under the 2DS trajectory. For clarity, given the 

https://researchdata.bath.ac.uk/990/
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indiscernible difference between the LGDP and HGDP scenarios, and 2DS and B2DS trajectories, only the 

LGDP 2DS scenario is shown. 

Within this context, it is useful to compare the current EUIs, those required for a 2DS/B2DS 

trajectory (as determined in the EUI-model of Chapter 4), as well as those achieved after 

considering the rebound effect, for a portion of the 35 countries in Table 5-3, as shown in 

Figure 5-8. As no discernible difference was noted between the LGDP and the HGDP 

scenario under either trajectory, the HGDP scenario has not been included.  

It can be noted that as the required reduction in EUIs increases – i.e., the difference between 

the green and blue bars – so does the difference between the proposed EUI and that achieved 

after considering the rebound effect (shown as an orange diamond in Figure 5-8). This 

entails that the rebound effect would be a more pressing issue in countries with a higher 

existing stock’s EUI – i.e., predominantly developed countries, as discussed in Section 4.2.  

 

 

Figure 5-8. The current EUIs for 10 selected countries, along with their required EUIs and those achieved after 
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considering the rebound effect, for the 2DS LGDP (top) and B2DS LGDP (bottom) trajectories. 

5.3.3. Energy poverty 

As explained in Section 5.3, the proposed tariff has only made a difference with regards to 

energy poverty in 21 (15 developed and 6 developing countries) out of the 35 countries that 

met the conditions concerning the required revenue, maximum energy expenditure, and 

tariffs of unretrofitted versus retrofitted dwellings. For these 21 countries, the cumulative 

number of Energy Poverty Instances (EPIs) for the duration of the econometric model (2017 

to 2035) – i.e., the total number of instances where households have experienced energy 

poverty at any point in time during the modelling period – under the conventional tariff is 

440 million for both the LGDP and HGDP scenarios. Under the proposed tariff, this is 

reduced to zero – meaning that an eradication of energy poverty within the existing 

residential building stock was achieved for these 21 countries.  

The Percentage of Energy-Poor Households (PEPH) out of the 21 countries’ total number of 

households is provided in Figure 5-9, and that for each of the one developing and one 

developed country selected for the special focus (i.e., Germany and Ukraine) is provided in 

figures 5-10 and 5-11. Given the negligible difference between the results under a 2DS and 

B2DS trajectory, and for a LGDP and HGDP scenario, the graphs below only show the 

results for a 2DS LGDP scenario.  

As shown in Figure 5-9, for the 21 countries under the conventional tariff, the PEPH is 9% in 

model’s starting year (2017), which decreases gradually to 5% in year 2035. Under the 

proposed tariff, this is 0% throughout the modelling period.  

For Germany (Figure 5-10), the PEPH starts at approximately 10% in 2017 and then 

decreases gradually to be 4% at year 2035. It is evident that the PEPH follows a uniformly 

decreasing pathway and, unlike Ukraine, no sudden spikes were noted. This is because in the 

majority of developed countries no significant upshift was noted in the percentage of the 

population earning at least USD 8,874 annually – i.e., the median equivalised per capita 

income level for most developed countries – between the years 2017 and 2035 

(approximately 67% compared with 78%, respectively). Therefore, the poverty line and 

consequently the ‘energy-poverty line’, which are based on that median, have remained 

relatively stable for the duration of the model. 

For Ukraine (Figure 5-11), on the other hand, a sudden spike in the PEPH can be noted – it 

increases from 0% in 2029 to approximately 4% from 2030 to 2035. This is because the 

median annual income in Ukraine, as a result of rising income levels, has increased from 
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USD 6,063 in the period 2017-2029 to USD 8,874 in 2030 onwards and, consequently, the 

poverty line (60% of median income, as defined in Section 5.2.6) has shifted upwards from 

USD 3,638 to USD 5,324. While there has been a parallel upshift in the percentage of 

population that earns a minimum of USD 8,874 from 2017-2029 to 2030-2035 (31% 

compared with 48%, respectively), the rise in median income also meant that those earning 

less than USD 5,324 (approximately 50% of the population) would, starting from 2030, be 

classified as ‘poor’.  

The PEPH figures for each of the 21 countries is provided in Appendix C of the thesis’ 

online supplementary data (DOI: https://researchdata.bath.ac.uk/990/).  

 

Figure 5-9. A comparison between the Percentage of Energy-Poor Households (PEPH) under the conventional 

tariff (red) and that under the proposed tariff (cyan) for the 21 countries. This is for the 2DS projection, under the 

LGDP scenario. 

 

Figure 5-10. A comparison between the Percentage of Energy-Poor Households (PEPH) under the conventional 

https://researchdata.bath.ac.uk/990/
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tariff (red) and that under the proposed tariff (cyan) for Germany. This is for the 2DS projection, under the LGDP 

scenario. 

  

Figure 5-11. A comparison between the Percentage of Energy-Poor Households (PEPH) under the conventional 

tariff (red) and that under the proposed tariff (cyan) for Ukraine. This is for the 2DS projection, under the LGDP 

scenario. 

5.4. Model verification 

To verify the model, a similar verification technique as that used for the EUI-model of 

Chapter 4 – i.e., Black Box Testing – is implemented. To reiterate, black box testing is where 

the model’s output is tested, without examining the internal structure and functions of the 

model – that is, assessing what is produced by the box, not what is in the box (Whitner and 

Balci, 1989).  

To that end, a total of two alterations were introduced to the model, the output of which was 

then assessed for the case of Germany. For the first alteration (case 1 in Table 5-15), the 

annual increase in the Levelized Cost of Electricity (LCOE) as a result of inflation is 

increased by three-fold from 0.57% (as discussed in Section 5.2.4) to 1.71%. From the 

model’s logic and formulae, we would expect such a change to increase the required annual 

revenue (𝑅𝐸𝑉𝑈𝑁𝑅𝐸𝑇,𝑅𝐸𝑇,𝑖 in Equation 5.7) and, therefore, may result in the proposed tariff 

not being able to generate that required revenue for a particular year. Confirming this, the 

econometric model shows that, as a result of this alteration, the required annual revenue at 

year 2018 has increased from USD 68 billion to USD 69 billion. This has resulted in the 

proposed tariff not being able to generate this required revenue without exceeding the limit 

placed upon the percentage of annual income spent on energy – i.e., %𝐼𝑁𝐶 ≤ 19%).  

The second alteration concerns the rebound effect (cases 2 and 3 in Table 5-15), where the 
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price elasticity of energy demand (𝛼 in Equation 5.1) is ‘increased’ by 30% from −0.581 to 

−0.755. This means that consumers are now more ‘responsive’ to changes in the perceived 

price of an energy service – i.e., for every 1% reduction in price, there is now a 0.755% 

increase in consumption. Consequently, this entails that consumers will now increase their 

consumption of an energy service even further after the energy efficiency improvement of 

that that service – that is, the rebound effect will increase. Verifying this postulation, the 

model shows that the rebound effect has increased from 43% to 63%, and that the actual 

average EUI of a dwelling after considering the rebound has increased by 24% from 129 to 

160 kWh/m2•year.  

As mentioned in Section 4.3, while these tests do not ‘validate’ the outcome of the model, 

they are an important indication of the model’s robustness and that its internal structure 

correctly represents the model’s intended algorithm.  
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# Input parameter Change Output parameters 
Results 

Before change After change 

1 Annual inflation rate 

Increased by three-

fold from 0.57% to 

1.71% 

Proposed tariff able to 

generate required annual 

revenue, while 

maintaining %𝐼𝑁𝐶 ≤
19%? 

Yes No 

2 

Price elasticity of energy 

demand (𝛼 in Equation 5.1) 

+30% from 

−0.581 to −0.755 

Rebound effect 43% 63% (+47%) 

3 Average EUI of dwelling 129 kWh/m2•year 160 kWh/m2•year (+24%) 

Table 5-15. A description of the test cases for the Black Box Testing, along with the results of each, for Germany.  
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5.5. Conclusion  

The thesis has established in Chapter 3 the unpredictable nature of, and significant effect 

that, certain socioeconomic phenomena (e.g., rebound effect and income elasticity of 

demand) have on buildings’ energy use. Expanding on the outcome of Chapter 4 which 

determined the required EUIs to achieve the sector’s 2DS and B2DS targets, this chapter 

aimed to ensure that these EUIs are achieved in reality through ‘neutralising’ the 

aforementioned socioeconomic phenomena.  

The chapter starts with a demonstration of the problem, in that households living in 

dwellings would, after an energy retrofit, be left with an energy expenditure ‘surplus’ that 

they may use to increase their consumption through, for example, setting higher 

temperatures inside their homes. This would lead to at least a partial loss of the anticipated 

energy savings – i.e., rebound effect – and, consequently, critically impede our efforts of 

reducing the energy consumption of the existing stock. The chapter then criticises one 

proposal to solve that shortcoming – i.e., to flatly increase the price of an energy service at 

the same rate that its efficiency has increased – in that this would elongate the payback 

period of retrofits and, therefore, negatively affect their economic feasibility and uptake rate.  

An alternative approach, Increasing Block Tariffs (IBTs), is then discussed and appraised. It 

was demonstrated that IBTs, when engineered correctly, have the potential to theoretically 

eliminate the rebound effect while still maintaining the economic viability of retrofits. 

However, it was shown that IBTs currently implemented in the utilities sector as well as 

those proposed by different studies have several limitations, in essence because they are 

often based upon Ramsey pricing mechanism – that is, where a price of a service is inversely 

proportional to its price elasticity. This means that the less ‘responsive’ a group of 

consumers is to price changes, the higher its tariff, and vice versa. The Ramsey pricing 

mechanism was formulated based on the postulation that higher income groups are often less 

responsive to price changes and, as such, ought to pay a higher tariff – subsequently 

subsiding the consumption of lower income groups. This has resulted in the commendation 

of IBTs that utilise Ramsey pricing for their ability to enhance social equity within the 

utilities sector. However, in many instances it was shown that lower income households are 

less responsive to price changes because their consumption largely comprises of ‘basic’ 

services – meaning that they would face a relatively large loss in marginal utility in the event 

of price increases. Higher income households, on the other hand, would face a smaller loss in 

marginal utility as their consumption mostly comprises of non-essential services. 

Consequently, it was argued that basing the IBTs purely on the price elasticity of demand 
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may result in lower income households subsidising the consumption of higher income ones, 

and not vice versa.  

Furthermore, it was highlighted that disregarding the level of income when designing IBTs 

can result in a household’s energy expenditure being less than the portion necessary to 

‘force’ it to reduce its consumption – estimated within current research to range from 5% to 

10%. The disregard of household size in current IBTs was also highlighted, showing how it 

can lead to unfairly penalising larger households due to their relatively higher levels of 

consumption. Drawing from these limitations, it was concluded that in order for IBTs to 

eliminate the rebound effect whilst also promoting social equity and maintaining the 

economic feasibility of retrofits, they would have to be based upon both the income of 

households as well as their size. 

In order to realise that vision, an econometric model was developed, which attempts to 

achieve the following three goals through the introduction of a novel IBT structure: A) cap 

energy consumption at the levels necessary for a 2DS/B2DS trajectory (as determined in 

Chapter 4’s EUI-model); B) reduce the magnitude of the rebound effect that is likely to 

occur as a result of retrofitting the existing stock; and C) ensure that all households – 

regardless of income and size – are able to afford acceptable levels of energy services 

through reducing instances of energy poverty. Given the relatively shorter timespan for 

which information on global projected income levels is available, this chapter’s model only 

runs from 2017 to 2035, contrary to the models of Chapter 2 and Chapter 4 which ran from 

2017 to 2060. The model covers the existing residential building stock, and only includes 

countries where the required EUI for the existing residential building stock under a 2DS and 

B2DS trajectory is less than the current (so as to allow a rebound to occur) – resulting in a 

total of 82 analysed countries. 

The model includes parameters such as the levelized cost of electricity generation (i.e., 

LCOE) with an annual inflation rate applied, current and future household income levels, the 

distribution of different household sizes among a country’s population, and the required 

annual revenue based on a set profit margin. The feasibility and the effectiveness of the 

proposed tariff was assessed against that of a conventional tariff in terms of its ability to 

achieve the aforementioned three objectives – namely, cap building energy use at sustainable 

levels, reduce the magnitude of the rebound effect, and reduce instance of energy poverty. 

Both tariffs were designed to generate an identical revenue for each of the 82 countries.  

For the rebound effect, the methodology to calculate it was based on determining the 

reduction in the perceived price of residential electricity as a result of energy retrofits. For 

determining whether a household is ‘energy-poor’, the indicator proposed by Hills (2012) 



Keeping the rebound and energy poverty at bay: A novel tariff structure 

154 

 

(i.e., Low Income High Cost – LIHC) was implemented, with some modifications. This 

definition proposes that a household is energy-poor if its energy cost is above the national 

median and, were it to pay for that cost, it would be left with an income below the national 

poverty line.   

The conventional tariff was determined as simply being the product of a country’s LCOE at a 

given year and the profit margin. The proposed tariff, on the other hand, was based upon the 

principles of IBTs, with a total of four blocks, each with a distinct tariff. For the first block – 

i.e., the cheapest block – its upper limit (in kWh/month) for an unretrofitted dwelling has 

been designed to match its current energy consumption – that is, before a retrofit. After a 

dwelling has undergone an energy retrofit, that upper limit is reduced to match the required 

energy consumption of that dwelling under the 2DS/B2DS trajectory, as determined in the 

EUI-model of Chapter 4. Its tariff, on the other hand, was determined through an iterative 

process that aimed to reduce the extent of energy poverty within a country whilst still 

generating the required annual revenue. The tariff is distinct for each household size (one to 

six) and level of income (Lowest, Low, Medium, and Higher), where it increases 

progressively as the household’s income increases. Within the iterative process, a limit was 

placed on the percentage that a household’s energy expenditure represents out of its income, 

which was reasonably determined to be 19%. It is important to note that this 19% portion, if 

reached, will only be applicable to Higher income households, and households with a lower 

income will be assigned a lower portion. This reflects the progressiveness of the proposed 

tariff in that instead of lower income households spending a higher portion of their income 

on energy – as is the case with the majority of current tariffs – this burden is now placed on 

higher income households. This approach also solves one of the shortcomings of the Ramsey 

pricing mechanism in that higher income households will be subsidising the energy 

consumption of lower income ones, instead of the other way round.  

For the three consecutive blocks (second, third, and fourth), their sizes and tariffs were 

determined such that if a household were to increase its consumption beyond the first block’s 

limit, then the 19% limit would increase incrementally – starting from 22.8% for the second 

block, to 27.4% and 32.8% for the third and fourth blocks, respectively. As the thesis has 

shown that households would feel pressured to reduce their energy consumption if it 

represents 5-10% of their income, it was argued that such an approach would deter 

households from increasing their levels of consumption after an energy retrofit beyond the 

limit of the first block and, as such, result in an elimination, albeit theoretical, of the rebound 

effect. 

The results of the econometric model show that out of the 82 countries analysed, the 



Chapter 5 

155 

 

generated tariffs in 35 countries met the necessary performance criteria – i.e., were able to 

yield the required revenue, the tariffs of their retrofitted stock were no higher than those of 

the unretrofitted stock and, for the first block, no household spent more than 19% of its 

income on energy expenditures. From these 35 countries, the conventional tariff has resulted 

in zero Energy Poverty Instances (EPIs) in 14 out of the 35 countries – meaning that the 

proposed tariff was able to make a difference in 21 countries. From these 21 countries, a 

focus was provided for the conventional and proposed tariffs of the one developed 

(Germany) and one developing country (Ukraine) with the highest capped total building 

energy consumption at year 2060 (𝐶𝑇𝐸𝐶2060,2𝐷𝑆,𝐵2𝐷𝑆 in Equation 4.1).  

For the rebound effect, while an absence of rebound was assumed under the proposed tariff, 

under the conventional tariff the econometric model shows this to range from 34% to 55%. 

To reiterate, this means that 34% to 55% of the predicted energy savings will be lost. 

Consequently, the existing residential building stock of the 35 countries will consume 57% 

to 59% more energy than required under the 2DS and the B2DS trajectories, respectively, as 

determined in Chapter 4’s EUI-model. Putting this into context, this means that by 2035, the 

energy savings lost per year in these 35 countries amount to a total of 589 TWh – the 

equivalent of Italy’s current entire building stock’s annual energy consumption. It was 

shown that as the required reduction in the EUI of the existing residential stock increases 

(i.e., developed countries), so does the rebound effect. This shows that, with regards to 

retrofitting policies, the rebound effect is a more pressing issue in developed countries in 

comparison with developing ones.  

The chapter has shown the significant implications that the rebound effect has for our efforts 

in reducing the sector’s energy consumption – especially that of existing buildings – and the 

vital importance of considering it in any future energy policies. The findings of this chapter 

also highlight that the stringent EUIs determined in Chapter 4’s EUI-model would have to be 

improved even further if we were to achieve the sector’s 2DS and B2DS deliverables strictly 

through technical means – i.e., with no socioeconomic interventions such as those proposed 

in this chapter.  

In terms of energy poverty, the model shows that, for the aforementioned 21 countries, under 

the conventional tariff a total of 440 million Energy Poverty Instances (EPIs) – i.e., the 

number of instances in which households have experienced energy-poverty – would occur 

over the course of the modelling period (2017 to 2035). Under the proposed tariff, however, 

no EPIs were noted – meaning that an eradication of energy poverty was achieved. It is 

important to reiterate here that, for the 21 countries, the conventional and proposed tariffs 

were modelled such that they generate an identical annual revenue for each country.  
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Towards the end of this chapter, a verification exercise was conducted following the Black 

Boxing Testing technique. The effect that altering the LCOE’s inflation rate and price 

elasticity of demand would have on the model’s outcome was assessed, and compared with 

the expected outcome that these changes would have based on the model’s description. The 

exercise showed that the outcome of the model is in-line with that expected, verifying the 

robustness of the model’s internal structure.  

There are several limitations to the econometric model developed in this chapter, including 

its formulae and, consequently, its results. With regards to the rebound effect, a theoretical 

reasoning – backed by current research – was provided to highlight how a novel calibration 

of the Increasing Block Tariff (IBT) pricing system can eliminate the reduction in the 

perceived price of an energy service after an efficiency upgrade and, therefore, eradicate the 

rebound effect. However, this has not been tested empirically and as such a rebound – 

perhaps of a smaller magnitude – may still occur. A similar shortcoming is noted in the 

‘progressive’ nature of the proposed tariff – while it will benefit lower income households, it 

may cause social and political unrest among higher income households due the relatively 

higher tariff imposed on them. This is especially critical in countries where energy tariffs are 

heavily subsidised for all households. As stipulated in this chapter, the proposed block sizes 

and tariffs serve as a demonstration of the benefits of such system, and decisions concerning 

these parameters rest with policymakers depending on the projected impact of such 

reformation.  

Another limitation is the model’s inherent assumption that, under the proposed tariff, all 

unretrofitted dwellings require an identical amount of energy to achieve an acceptable level 

of energy services inside their dwellings – disregarding the notion that dwellings of lower-

income households are often in a poorer condition compared with those of higher income 

households and, accordingly, are likely to require more energy to reach similar levels of 

comfort (as discussed in Section 5.1). This notion will undoubtedly affect the number of 

EPIs predicted by the model, as lower-income households would be forced to spend a larger 

percentage of their income on energy expenditure. This limitation was mitigated, to some 

extent, by the model’s formulae in that the percentage of annual income for the two lowest 

income groups – i.e., Lowest and Low – that is attributed to energy expenditure, across all 35 

countries, was relatively small and ranged from 0.14% to 9.74%. 

A shortcoming that concerns IBTs in general and which was identified by researchers such 

as Dahan and Nisan (2007) is the ‘administrative’ challenge associated with IBTs. For 

example, as the proposed tariffs in this research are based upon a household’s size and level 

of income, any changes that occur in these two metrics need to be registered such that the 
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household’s tariff may be updated.  

Within this chapter’s vision of limiting the rebound effect while also ensuring all households 

are able to afford acceptable levels of energy services inside their homes, it is proposed that 

the tariffs be based – among other things – on the modelled required energy consumption of 

a dwelling to maintain that level of services (as discussed in Section 5.1). Another challenge 

that emerges from such an approach, therefore, is to accurately predict that required level of 

energy consumption. As discussed in Chapter 3, the accuracy of the software used to make 

these predictions and the climatic data implemented can lead to a significant variance from 

the ‘true’ consumption and could, as a result, unfairly penalise households by setting an 

unreasonably low limit for the first block of consumption. Additionally, given how actual 

weather conditions may vary from those assumed in an energy model, this could lead to 

either a lower or a higher ‘expected’ energy consumption required to achieve the minimum 

level of energy services for a certain month – that is, the upper limit of the first block. As 

suggested in Section 5.1, one way to overcome this limitation, as well as the aforementioned 

‘administrative challenge’, is by accurately predicting the required energy consumption of a 

dwelling during a particular month, based on recorded weather and size of household during 

that month. This would then be used to formulate the block sizes and tariffs for a dwelling 

during that month, such that no unfair penalisation occurs.  

It is also important to acknowledge that, for simplification purposes, the model does not 

differentiate between rented properties and those that are owner-occupied when dealing with 

the economic feasibility of retrofits. Undoubtedly, whether the property is rented or owner-

occupied will significantly influence the decision to conduct an energy retrofit, as with the 

former the retrofit has no direct financial benefit to the owner. This could be mitigated 

through, for example, the introduction of a ‘property tax’ that increases the more inefficient a 

dwelling is – providing a financial incentive for owners to conduct necessary retrofits.  

Finally, the results of the model are sensitive to the socioeconomic assumptions and 

projections made and which were borrowed from other sources. This includes the projected 

change in the distribution of the four income groups within a country, as well as the 

equivalency scales used to determine the relative increase in a household’s income and 

energy consumption as its size increases.   

Nonetheless, this chapter has provided an important foundation for a tariff system that has 

the potential – at least theoretically – to reduce the rebound effect and cap building energy 

consumption at sustainable levels, whilst also maintaining the economic feasibility of 

retrofits and eradicating energy poverty. The econometric model forms the final part of the 

BSEM envisioned in Chapter 3, and which aimed to ensure that the EUIs required to achieve 
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the sector’s 2DS and B2DS targets (determined in Chapter 4) are achieved in reality and not 

driven upwards by socioeconomic phenomena. Lastly, while the outcome of the model is in 

no way a prediction of the future, it is an important demonstration of the need to, and 

benefits of, integrating both technical and socioeconomic solutions in our climate change 

efforts so as to secure a socially-just transition towards a sustainable world.  

Potential areas for future research include a pilot study whereby the proposed tariff system is 

empirically tested, and its ability to reduce both the rebound effect and energy poverty within 

the residential buildings sector is assessed.  

While this chapter has argued for an ‘enforced’ approach towards changing people’s 

behaviour with regards to energy consumption, implementing soft measures – e.g., 

awareness campaigns – could lead to a voluntarily reduced consumption. Another area for 

future research, therefore, would be to explore the potential of awareness campaigns in 

enticing households into reducing their consumption.  
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CHAPTER 6. THESIS’ CONCLUSION AND RECOMMENDATIONS FOR 

FUTURE RESEARCH  

The starting point of this thesis is the postulation that efficiency gains alone are unlikely to 

be sufficient to combat the planet’s environmental degradation and have, in many instances, 

made the problem worse. To examine this postulation within the buildings sector, the thesis 

first takes the ‘efficiency-first’ approach within the sector to its logical extreme – i.e., 

reductio ad absurdum. Accordingly, in Chapter 2, the possibility of achieving the sector’s 

required energy reduction for a 2°C climate change trajectory (as determined by the IEA) is 

examined. The 2°C and below 2°C climate change trajectories – termed 2DS and B2DS by 

the IEA and in this thesis – offer a 50% chance of limiting the rise in global temperature to 

2°C and 1.75°C above pre-industrial levels by 2100. The IEA’s vision for realising these two 

trajectories is based on pushing renewable energy technologies to their “maximum practical 

limit” such that the entirety of the energy supply is carbon-neutral by 2060. Then, through 

improving the energy efficiency of different end-use sectors (i.e., buildings, transport, 

industry, and agriculture), the entirety of their demand would fall within renewable energy’s 

‘supply limit’.  

While it is not clear from IEA’s literature what renewable energy’s “maximum practical 

limits” are based upon, it is likely that they include factors such as economic feasibility of 

the necessary early decommissioning coal-fired power plants, required financing for 

renewable energy infrastructure (estimated at USD 1.4 trillion per annum), availability of 

land for BECCS, and the needed quantity of minerals and metals for a carbon-neutral energy 

supply (e.g., 140% and 180% of current proven Lithium and Cobalt reserves, respectively, 

are required).  

For the global buildings sector, the IEA envisions that its final operational energy 

consumption must be capped at 36 and 32 PWh/year for a 2DS and a B2DS trajectory, 

respectively. The modelling work conducted in Chapter 2, as well as that in Chapter 4, is 

concerned with how the global buildings sector’s energy demand can be reduced to that level 

– i.e., how energy-efficient buildings need to be. Given that building-integrated renewables 

were considered by the IEA in formulating the above two limits (i.e., 36 and 32 PWh/year), 

on-site renewable energy systems have been excluded from this thesis’ models.  



Chapter 6 

160 

 

The modelling exercise was conducted based on an extremely optimistic scenario that all 

newly constructed buildings worldwide will be designed to meet energy efficiency levels of 

state-of-the-art energy standards – namely LEED or Passivhaus – and that all existing 

buildings will be retrofitted to current best practices. Specifically, it was assumed that an 

annual floor area retrofit rate of 3% will occur, which would reduce the energy consumption 

of existing buildings by 30%. Additionally, annual demolition rates of 1.5% and 2.0% were 

assumed for countries part of the Organisation of Economic Co-operation and Development 

(OECD) and those outside of it, respectively.  

The assessment of the above scenario was performed by developing a novel dynamic stock-

driven model that includes 138 countries and covers the period 2017 to 2060. Largely due to 

the projected growth of the sector’s built-up area and the expected socioeconomic 

transformation in developing countries (e.g., rise of income levels), the model shows that 

neither standard is able to achieve the required reduction. Given that the efficiency levels of 

these standards are close to those of current net-zero energy buildings, the verity of the 

aforementioned postulation is confirmed for the buildings sector in that the sole dependence 

on energy efficiency will not be effective in curbing the growth in sector’s energy 

consumption. Nonetheless, the chapter argues that in order to have any chance of meeting 

the sector’s required reduction for a 2°C trajectory, building energy codes must be reverse-

engineered from global climate change targets and take into consideration the various 

socioeconomic factors that affect energy use in buildings.   

A review of the tools that have the potential to achieve that vision – i.e., Building Stock 

Energy Models (BSEMs) – is provided in Chapter 3. The first part of the chapter provided a 

review of the energy modelling methods used in various BSEMs, which included dynamic 

and steady-state simulations, as well as the Heating Degree Days (HDDs) and Cooling 

Degree Days (CDDs) method. The considerable discrepancy between the results obtained 

from dynamic simulations and those from steady-state simulations was highlighted, which 

can be as high as 169%. It was argued that while steady-state simulations are a simple and 

quick way to assess a building’s energy performance, the inferior validation procedure that 

they have undergone – relative to dynamic simulations – limits the reliability of their results. 

Similarly, the HDDs and CDDs method is also relatively simple. However, its disregard of 

important parameters – such as latent heat, solar gain, and thermal mass – precludes it from 

being able to devise effective and comprehensive building energy codes. 

The chapter also included a review of the climatic data used within current BSEMs. It was 

shown that BSEMs which cover the global built environment often apply a coarse climate 

disaggregation and, as a result, make grossly unrealistic assumptions on the achievability of 
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ultra-low EUIs in certain climate zones. The chapter also showed that only a few BSEMs 

have incorporated future weather data into their methodology, and has highlighted the 

considerable effect that this aspect can have on the model’s outcome. For instance, current 

research has shown that climate change can lead to an increase of up to 1,050% in energy 

consumption of space cooling in Cool and Humid1 climate zones. For temperate climates, 

however, a decrease in space heating energy consumption by up to 25% is expected to occur.  

The significant and largely uncertain effect that socioeconomic phenomena can have on 

buildings’ energy consumption was then highlighted. For example, the income elasticity of 

demand can range from 0.11 to 2.94 – that is, with every 1% increase in income, there is a 

0.11% to 2.94% increase in building energy consumption. Similarly, the rebound effect can 

range from 6% to 187% – meaning that it is possible that a building’s energy consumption 

increases, rather than decreases, after an efficiency upgrade. Notably, Chapter 3 shows that 

some BSEMs have integrated the phenomena of income elasticity and demand saturation 

into their dimensions. This was reflected in the predictions made by these models, in that the 

specific energy consumption (i.e., per capita and/or per unit floor area) of certain energy 

services was predicted to increase, even as the energy efficiency of these services has 

improved. For the rebound effect, it was noted that the majority of current BSEMs do not 

consider it when making their projections, with the exception of the model by Cheng and 

Steemers (2011). 

The last part of Chapter 3 evaluated the rigour of the validation procedures followed by 

various BSEMs that aim to devise effective future building energy codes and policies. It was 

noted that due to the significant effect that socioeconomic phenomena – such as income 

elasticity and the rebound effect – have on buildings’ energy consumption, BSEMs which do 

not integrate these phenomena into their dimensions cannot, by their own nature, be said to 

have been ‘validated’. The other flaw of the validation procedures followed, which concerns 

BSEMs that do incorporate some of the socioeconomic factors, is that the impact that energy 

policies have had on the stock’s energy consumption is integrated into the model as an input 

based on national statistics. It was argued that a more sensible approach towards validating 

these BSEMs is to introduce an energy policy, which has been implemented in reality, into 

the BSEM. The BSEM would then forecast the impact of that policy, inclusive of the 

rebound effect and demand saturation, which is then compared with national statistics.  

 

 

1 Following ASHRAE’s (2013) climate classification. 
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Considering the unpredictability of socioeconomic phenomena that affect buildings’ energy 

consumption, the chapter concludes by arguing that BSEMs must, in parallel with devising 

technical regulations, develop socioeconomic policies that are able to minimise the effect of 

these phenomena. Consequently, the chapter envisions a new BSEM which is able to 

reverse-engineer building energy codes and where, instead of attempting to accurately 

predict the highly unpredictable socioeconomic factors such as income elasticity and 

rebound effect, these factors are neutralised through novel tariff reforms. 

As a first step in realising that vision, Chapter 4 expands on the model created in Chapter 2 

through the development of an EUI-model. The model seeks to determine the necessary 

EUIs for newly constructed and existing buildings for each of the 138 countries, such that 

the buildings sector is on track to achieve its deliverables under the 2DS and B2DS climate 

change trajectories. 

At the core of the model is the assumption that each person, regardless of location, is 

assumed to have an identical building energy ‘allowance’ that they can utilise. The intention 

behind such an assumption was so that countries that currently exceed that allowance – i.e., 

predominantly developed countries – will be required to achieve significant reductions in 

their EUIs, while those below it – i.e., predominantly developing countries – will be able to 

increase their EUIs in order to achieve acceptable levels of energy services for their 

buildings. This is comparable with other research in the field, such as the Greenhouse 

Development Rights (GDRs) framework developed by EcoEquity and the Stockholm 

Environment Institute, where countries most responsible for, and with the most technical 

capability to reduce, GHG emissions are required to achieve the highest reduction in their 

emissions’ levels.  

Based on IEA’s literature, that building energy allowance was determined to be 3.79 and 3.34 

MWh/person•year under the 2DS and the B2DS trajectory, respectively. The EUI-model 

includes residential and non-residential buildings and covers the period 2017-2060. The EUIs 

were determined under two GDP per capita growth projections – low (termed LGDP) and high 

(termed HGDP). Newly constructed buildings were divided into seven generations, with each 

generation spanning seven years and achieving improvements in energy efficiency relative to 

the preceding generation. For existing buildings, similar assumptions as those in Chapter 2’s 

model were made with regards to annual retrofit rates (i.e., 3%) and demolition rates (i.e., 

1.5% and 2.0% for OECD and non-OECD countries, respectively). After the model’s first run, 

because some countries are currently either far above (largely developed countries) or far 

below (largely developing countries) their energy allowance of 3.79 and 3.34 

MWh/person•year, the determined EUIs for both newly constructed and existing buildings 
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were below/above reasonable limits. For example, the EUI required for newly constructed 

buildings in some countries was as low as 0.01 kWh/m2•year and as high as 634 kWh/m2•year 

in others. Therefore, a ‘trade-off’ between countries has been applied such that the computed 

EUIs are within reasonable limits of what is currently achievable.  

The results of the EUI-model have shown that extremely stringent EUIs are required to be 

achieved by some countries’ newly constructed buildings, reaching as low as 20 

kWh/person•year for the sixth generation (starting 2052) and onward. This is 33% below the 

EUI of Passivhaus class Premium, the most efficient class of Passivhaus. For existing 

buildings, reductions of 53% to 71% were required to be achieved by countries such as the 

UK, Germany, and the US – exceeding the current upper bound of energy savings associated 

with a retrofit (estimated at 30% by the IEA). Notable differences were noted between the 

required EUIs of developed countries and those of developing countries, for both newly 

constructed and existing buildings, confirming the postulation made that the former have 

exceeded their building energy budget, whilst the latter are still below it. This also meant that 

the model’s intention behind setting an equitable per capita building energy allowance has 

been met, in that countries with the highest current per capita building energy consumption 

are required to achieve the most stringent EUI levels. As mentioned above, this is also in-line 

with the current research concerning the ‘fair’ contribution of countries towards tackling 

climate change, where countries most responsible for GHG emissions are required to achieve 

the highest reductions in their emissions’ levels.  

Towards the end of the chapter, a verification exercise was conducted for the model, 

following the Black Box Testing verification technique. This technique assesses the 

sensibility of a model’s outcome, irrespective of the model’s internal structure – i.e., it is 

concerned with what is produced by the box, not what is in the box. The results of this 

exercise showed that, by altering some of the model’s inputs, the resulting outputs were in-

line with the model’s description and algorithm – confirming the robustness of the model’s 

internal structure.  

Complementing this, the sensibility of the EUI-model’s future floor area predictions (which 

were taken directly from Chapter 2’s model) was also assessed through comparing these 

predictions with models from other research. The comparisons were conducted for the 

world’s residential and non-residential building stocks, as well as those of the US, EU-27 

countries, China, and India. It was shown that floor area projections vary greatly among 

different models, and that the EUI-model’s projections compare well with at least one of 

these models. Specifically, deviations of less than 20% were noted for three quarters of the 

comparisons. 
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On the whole, the EUI-model has confirmed, to a large extent, the findings of Chapter 2’s 

model. This evident in that, for newly constructed buildings, a higher percentage of countries 

were required to achieve lower EUIs under the EUI-model, in comparison with Chapter 2’s 

model, for most generations. For existing buildings, relative to Chapter 2’s model, lower 

EUIs were required to be achieved in 99% of the countries. The model has also shown the 

benefits of a cooperative approach towards climate change, manifested by the application of 

trade-offs between countries in the EUI-model. These trade-offs have allowed developing 

countries to increase their EUIs to reach acceptable levels of energy services for buildings, 

while ensuring that EUIs required to be achieved by developed countries were not 

unreasonable low. Notably, the application of trade-offs has not compromised the integrity 

of the model in that the difference between the model-calculated building energy 

consumption at year 2060 and that required under a 2DS/B2DS trajectory was less than 10%.  

In the second and last step of accomplishing the BSEM envisioned in Chapter 3, Chapter 5 

introduces a novel tariff structure that is able to neutralise socioeconomic phenomena 

affecting building energy consumption – namely the rebound effect and income elasticity of 

demand – such that the EUIs determined in Chapter 4 are achieved in reality. Drawing from 

the literature reviewed in Chapter 3, Chapter 5 starts with an illustration of the problem in 

that households would, following the retrofit of their dwellings, be left with an energy 

expenditure ‘surplus’ that they may use to increase their consumption. This can be through, 

for example, setting higher temperatures inside their homes. It was argued that this would 

lead to at least a partial loss of the anticipated energy savings – i.e., rebound effect – and, 

consequently, impede our efforts of reducing energy consumption of the existing stock. The 

chapter then assesses a commonly suggested solution to this problem – that increasing the 

tariff of an energy service at the same rate that its efficiency has improved would eliminate 

the decrease in the perceived price of an energy service and, consequently, minimise the 

rebound effect. Through a cashflow calculation, the chapter has shown that such proposal 

would significantly elongate the payback period of efficiency upgrades and hence negatively 

impact the economic feasibility of these upgrades and their uptake rate.  

An alternative solution, Increasing Block Tariffs (IBTs), is then put forward. It was argued 

that IBTs, when engineered correctly, have the potential to eliminate the rebound effect 

while still maintaining the economic feasibility of retrofits. However, current IBTs – be it the 

ones implemented in the utilities sector or those proposed in various studies – have several 

limitations that would preclude them from improving social equity among consumers as well 

as definitively cap consumption at sustainable levels. With regards to the former, it was 

shown that designing an IBT based on the Ramsey pricing mechanism – i.e., where the price 

of a service is inversely proportional to its consumer’s price elasticity – can lead to a 
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deterioration in social equity in that lower income households will be subsidising the 

consumption of higher income ones. This is further exacerbated in that disregarding the size 

of a household when designing an IBT can lead to an unfair penalisation of larger 

households as a result of their higher consumption.  

Another flaw of current IBTs is that they often disregard levels of income of a household. 

This could lead to a household’s energy expenditure being significantly less than the portion 

needed to ‘force’ that household to reduce its consumption – estimated to be 5-10% in 

current research.  

In light of these limitations, Chapter 5 argues that in order to cap building energy 

consumption at sustainable levels whilst also enhancing social equity, the new tariff structure 

must be based on both the income of a household as well as its size. To realise that vision, an 

econometric model was developed, which aims to achieve the following three goals through 

an IBT-based proposed tariff: A) cap building energy consumption at sustainable levels; B) 

eliminate the rebound effect expected to occur after an energy retrofit; and C) enable all 

households, regardless of size and income, to achieve acceptable levels of energy services 

and, ultimately, reduce energy poverty. Given these three objectives, the econometric model 

only covers the existing residential building stock, and only includes countries that were 

required to reduce their 2017 building energy consumption levels (as determined in Chapter 

4) so as to allow a rebound to occur – resulting in a total of 82 analysed countries.  

For the first and second objectives, the rebound effect was calculated based on the perceived 

reduction in the price of an energy service following an efficiency improvement. To achieve 

that objective, it was assumed that the required energy consumption of an 

unretrofitted/retrofitted dwelling, as determined in Chapter 4, is sufficient to achieve 

acceptable levels of energy services. This level of consumption was then designated as the 

upper limit of the first block under the proposed tariff (i.e., cheapest tariff), with any 

consumption exceeding that resulting in the household paying more than a certain percentage 

(reasonably determined to be 19%) of their income on energy expenditures under the 

consecutive second, third, and fourth blocks. The rationale behind this is that it has been 

shown that households will feel pressured to reduce their energy consumption if it represents 

5-10% of their income and, as such, they would be deterred from unreasonably increasing 

their comfort levels after an energy retrofit if the resulting expenditure exceeds that limit.  

With regards to the third objective, the improvement of social equity was measured through 

comparing the number of households classified as ‘energy-poor’ under the conventional 

tariff with those under the proposed tariff. In defining energy poverty, the econometric 

model implemented the definition put forward by Hills (2012), that is, the Low Income High 
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Cost (LIHC) indicator, which posits that a household is energy-poor if it has an above-

average energy cost and, were it to pay for that cost, it would be left with an income below 

the national poverty line. In order to reduce energy poverty within a country, the proposed 

tariff was designed in a ‘progressive’ manner – i.e., as the income of a household increases, 

then its energy tariff also increases. This meant that while utility companies will supply 

energy to lower-income households at a below-cost tariff, they would be able to make up for 

the lost revenue through the higher tariffs imposed on higher-income households.  

The results of the econometric models showed that out of the 82 analysed countries, the 

proposed tariffs in 35 countries were able to generate the required revenues, whilst ensuring 

that no household had an energy expenditure that is above 19% of its income. However, 

from these 35 countries, the conventional tariffs resulted in zero Energy Poverty Instances 

(EPIs) – that is, the number of instances in which households were energy poor – in 14 

countries, indicating that the proposed tariff only made a positive impact with regards to 

energy poverty in 21 countries.  

For the first and second objectives, the econometric model showed that while an absence of 

rebound was assumed under the proposed tariff, the conventional tariff has resulted in a 

rebound ranging from 34% to 55%. To reiterate, this means that 34% to 55% of the predicted 

energy savings resulting from retrofitting the existing residential stock would not be 

achieved. By the end of the modelling period (2035), this amounts to 589 TWh of energy 

savings lost per year – the equivalent of Italy’s current entire building stock annual energy 

consumption. This entails that the EUIs determined in Chapter 4 must be reduced even 

further to make up for the savings lost due to the rebound effect – further proving the limited 

success of energy policies relying solely on technical interventions. It was also shown that as 

the required reduction in a stock’s average EUI increases (the case with developed 

countries), the resultant magnitude of the rebound effect also increases – highlighting the 

importance of considering the rebound effect when devising future retrofit policies for 

developed countries.  

For the third objective, the model shows that a total of 440 million EPIs will occur under the 

conventional tariff for the duration of the model, compared with zero under the proposed 

tariff. This indicates that the proposed tariff was successful in eradicating energy poverty 

within the buildings sector of the 21 countries, while still ensuring that utility companies 

were able to generate their required revenues.  

Similar to the EUI-model of Chapter 4, a verification exercise was conducted for the 

econometric model, which followed the Black Box Testing verification technique. The results 

confirmed the robustness of the model’s internal logic in that its output confirmed the 
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model’s description and algorithm.  

6.1. Research limitations  

With regards to the limitations of the research, the models created in this thesis are 

dependent upon projections made by other researchers – e.g., population, floor areas, and 

changes in income distributions – and, as such, the predictions made by this research’s 

models are only as accurate as these projections. Nevertheless, where possible, the 

parameters implemented in all three models err on the optimistic end. For instance, in the 

models of chapters two and four, the annual retrofit rate implemented in both models (i.e., 

3%) and the percentage of energy savings associated with each retrofit (30%, implemented 

in the former) are both based upon the higher end of what is currently achievable. Moreover, 

the climate change trajectories (2DS and B2DS) that these two models are based upon are 

both derived from an optimistic decarbonisation rate (as discussed in Chapter 2) and only 

offer a 50% chance of achieving the Paris Agreement lowest range of ambition. Also worth 

noting is that the EUI-model does not consider the performance gap, e.g., competency of 

energy modelers and construction quality, which may result in increasing a building’s energy 

consumption by up to four times compared with that predicted/modelled. Therefore, it can be 

concluded that EUIs determined in Chapter 4 represent the minimum that each country must 

achieve if it were to fulfil its fair contribution towards lowering the energy consumption of 

the global building stock.  

In terms of the limitations of the econometric model, while a theoretical reasoning was 

provided to illustrate how the envisioned tariff structure eliminates the rebound effect, this 

has not been tested empirically and therefore a rebound, perhaps of a lesser magnitude, may 

still occur. Also, given that energy tariffs are heavily subsidised in some countries, the new 

progressive tariff system proposed in Chapter 6 may result in social and political unrest, 

especially among middle and higher income households who will be the most affected by 

these changes. Nonetheless, as stipulated in Section 5.5, the proposed tariff serves as a 

demonstration of what can be achieved, and it is up to policymakers to implement these 

changes in accordance with the impact they are expected to have.  

Another limitation is the ‘administrative’ challenge associated with tracking the income level 

and size of a household, and how this change over time, in order to produce a fair and up-to-

date tariff for that household. Drawing from what has been discussed in Chapter 3, another 

challenge related to this is to accurately predict the weather conditions for a particular 

month, such that fair sizes of the blocks can be determined. It has been argued that these 

challenges could be mitigated through the implementation of a system that records income 
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and size of households as well as weather conditions for a particular month, based on which 

the block sizes and tariffs are then determined.  

6.2. Contribution to knowledge and prospects for future research 

Overall, the research’s main contribution is showing that current state-of-the-art efficiency 

standards are insufficient to meet the buildings sector’s climate change targets, largely due to 

the immense growth that the sector is predicted to undergo, and that more stringent 

efficiency levels are needed. Borrowing concepts from other disciplines, such as degrowth 

and a steady state economy, it could be argued that the findings of Chapter 4 confirm the 

necessity and applicability of these concepts to the built environment. To elaborate, if we 

were to maintain our current ‘lavish’ lifestyle within the built environment while, at the same 

time, expand the sector beyond its sustainable limits, then we must also expect to achieve 

immense improvements in energy efficiency, far greater than those achieved in the past. The 

alternate, and perhaps simpler, solution, would be to downscale the sector – both in terms of 

its size as well as the ‘need’ we expect it so satisfy.  

Nonetheless, the thesis has provided a valuable pathway – both technical and socioeconomic 

– around which policymakers can design effective future building energy policies, such that 

each country contributes its ‘fair share’ towards achieving the sector’s 2DS and B2DS 

targets. For the technical pathway, for example, the required EUIs for both a 2DS and B2DS 

trajectory were determined for each of the 138 countries, for their newly constructed and 

existing residential and non-residential buildings. This represents an important foundation 

for these countries for their future building energy codes, and highlights the level of energy 

efficiency and rate of retrofit that must be enforced in the building stock.  

In terms of the socioeconomic pathway, the benefits of a novel tariff structure that is based 

on the concept of IBTs was also highlighted, showing how it can cap buildings’ energy 

consumption at sustainable levels whilst also ensuring that all households, regardless of size 

and income, are able to achieve acceptable levels of energy services within their dwellings. 

Perhaps most importantly, the thesis has illustrated the need to, and benefits of, integrating 

both technical and socioeconomic solutions in the transition towards a socially-just 

sustainable world.  

This thesis has also demonstrated the importance and effectiveness of deploying BSEMs to 

derive future building energy codes, which has significant implications for policy makers. 

This includes the ability of BSEMs to capture the sector’s future growth and, based on that, 

devise effective building energy codes that are able to ‘counter’ that growth and result in an 
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overall reduction of the sector’s energy demand.  

While assigning a globally equitable building energy allowance has resulted in a fair 

responsibility allocation among countries, perhaps a ‘fairer’ approach is to integrate a 

‘climatic’ dimension into that allowance. As such, future research could look into 

introducing a trade-off that increases the building energy allowance of countries in extremely 

cold/hot climate zones, whilst decreasing that of countries in temperate climate zones.  

Another area for future research is to determine the necessary performance requirements for 

each climate zone within each country – for example, U-values, infiltration rates, and 

efficiency of heating and cooling equipment – such that the required efficiency level for each 

country – as determined in Chapter 4 – is achieved and, more importantly, that acceptable 

indoor comfort conditions are reached under these efficiency levels.  

While it has been argued in Chapter 5 that an ‘enforced’ approach is needed in order to cap 

domestic energy consumption, soft measures – such as awareness campaigns – may well 

result in households voluntarily reducing their consumption. Therefore, an area for future 

research is to investigate these soft measures and assess their effectiveness in establishing 

sustainable levels of consumption.  

Finally, another area for further exploration is to empirically assess the efficacy of the 

proposed tariff structure. This could take the form of a pilot study that includes households 

from different income groups and sizes, to empirically validate the effectiveness of such an 

approach to reduce the rebound effect and minimise energy poverty within the sector. 



 

170 

 

REFERENCES 

Alves, T., Machado, L., de Souza, R.G. and de Wilde, P., 2018. Assessing the energy saving 

potential of an existing high-rise office building stock. Energy and Buildings 

[Online], 173, pp.547–561. Available from: 

https://doi.org/10.1016/j.enbuild.2018.05.044. 

Anderson, B.R., ed., 1997. BREDEM-8 model description. Building Research Establishment 

Laboratory report. London: Construction Research Communications. 

Anyaegbu, G., 2010. Using the OECD equivalence scale in taxes and benefits analysis. 

Economic & Labour Market Review [Online], 4(1), pp.49–54. Available from: 

https://doi.org/10.1057/elmr.2010.9. 

Åsa Johansson, Yvan Guillemette, Fabrice Murtin, David Turner, Giuseppe Nicoletti, 

Christine de la Maisonneuve, Philip Bagnoli, Guillaume Bousquet, Guillaume 

Bousquet, and Francesca Spinelli, 2012. Looking to 2060: Long-term global growth 

prospects [Online]. (OECD Economic Policy Papers, 3). Paris, France: Organisation 

for Economic Co-operation and Development (OECD). Available from: 

https://www.oecd.org/economy/outlook/2060%20policy%20paper%20FINAL.pdf 

[Accessed 16 May 2020]. 

ASHRAE, 2013. Supplemental Files for ANSI/ASHRAE Standard 169-2013, Climatic Data 

for Building Design Standards [Online]. Available from: 

https://xp20.ashrae.org/standard169/index.html [Accessed 16 September 2019]. 

ASHRAE, 2017. 2017 ASHRAE Handbook: Fundamentals (SI edition). Atlanta, GA. 

Atlanta, GA: ASHRAE. 

Azevedo, J.A., Chapman, L. and Muller, C.L., 2015. Critique and suggested modifications of 

the degree days methodology to enable long-term electricity consumption 

assessments: a case study in Birmingham, UK: Critique and suggested modifications 

of the degree days methodology. Meteorological Applications [Online], 22(4), 

pp.789–796. Available from: https://doi.org/10.1002/met.1525. 

Badiei, A., 2018. A Reduced Data Dynamic Energy Model of the UK Houses. PhD thesis. 

Loughborough University. Available from: https://dspace.lboro.ac.uk/dspace-

jspui/bitstream/2134/33331/1/Thesis-2018-Badiei.pdf [Accessed 24 June 2019]. 

Badstuber, N., 2018. London congestion charge: what worked, what didn’t, what next 

[Online]. Available from: https://theconversation.com/london-congestion-charge-

what-worked-what-didnt-what-next-92478 [Accessed 26 August 2020]. 

Bailey, R., 2003. Designing a welfare maximising water tariff for Durban with Ramsey 

pricing principles. Master’s thesis. Pietermaritzburg, South Africa: University of 

Natal. Available from: 

https://researchspace.ukzn.ac.za/bitstream/handle/10413/2870/Bailey_Reg_2003.pdf

?sequence=1&isAllowed=y [Accessed 26 February 2021]. 

Baker, W., 2001. Fuel poverty and ill health: A review. Bristol, UK: Centre for Sustainable 

Energy. 

Baker, W. and White, V., 2008. Towards sustainable energy tariffs: A report to the National 

Consumer Council. National Consumer Council. 

Bartlett, A., 1994. Reflections on sustainability, population growth, and the environment. 



 

171 

 

Population and Environment: A Journal of Interdisciplinary Studies, 16(1). 

van den Bergh, J.C.J.M., 2017. A third option for climate policy within potential limits to 

growth. Nature Climate Change [Online], 7(2), pp.107–112. Available from: 

https://doi.org/10.1038/nclimate3113. 

Bettgenhäuser, K. and Hidalgo, A., 2013. Integrated assessment modelling for building 

sectors – a technical, economic and ecological analysis for Germany and the EU 

until 2050. ECEEE Summer Study Proceedings, ECEEE 2013 Summer Study on 

energy efficiency: Rethink, renew, restart. 

Boardman, B., 1991. Fuel Poverty: From Cold Homes to Affordable Warmth. Canada: John 

Wiley & Sons. 

Boardman, B., 2007. Examining the carbon agenda via the 40% House scenario. Building 

Research & Information [Online], 35(4), pp.363–378. Available from: 

https://doi.org/10.1080/09613210701238276. 

Boardman, B., University of Oxford, and Environmental Change Institute, 2005a. 40% 

house. Oxford: Environmental Change Institute, University of Oxford. 

Boardman, B., University of Oxford, and Environmental Change Institute, 2005b. 40% 

HOUSE PROJECT BACKGROUND MATERIAL B: FORESIGHT SCENARIOS 

FOR THE UK DOMESTIC SECTOR. 40% house. Oxford: Environmental Change 

Institute, University of Oxford. 

Braulio-Gonzalo, M., Bovea, M.D., Ruá, M.J. and Juan, P., 2016. A methodology for 

predicting the energy performance and indoor thermal comfort of residential stocks 

on the neighbourhood and city scales. A case study in Spain. Journal of Cleaner 

Production [Online], 139, pp.646–665. Available from: 

https://doi.org/10.1016/j.jclepro.2016.08.059. 

BRE, 2013. BRE Domestic Energy Model (BREDEM 2012) [Online]. Available from: 

https://www.bre.co.uk/page.jsp?id=3176 [Accessed 22 March 2020]. 

BRE, 2014. The Government’s Standard Assessment Procedure for Energy Rating of 

Dwellings (SAP 2012) [Online]. Department of Energy and Climate Change, UK. 

Available from: https://www.gov.uk/guidance/standard-assessment-procedure 

[Accessed 18 September 2019]. 

Brøgger, M. and Wittchen, K.B., 2018. Estimating the energy-saving potential in national 

building stocks – A methodology review. Renewable and Sustainable Energy 

Reviews [Online], 82, pp.1489–1496. Available from: 

https://doi.org/10.1016/j.rser.2017.05.239. 

van den Brom, P., Hansen, A.R., Gram-Hanssen, K., Meijer, A. and Visscher, H., 2019. 

Variances in residential heating consumption – Importance of building 

characteristics and occupants analysed by movers and stayers. Applied Energy 

[Online], 250, pp.713–728. Available from: 

https://doi.org/10.1016/j.apenergy.2019.05.078. 

van den Brom, P., Meijer, A. and Visscher, H., 2018. Performance gaps in energy 

consumption: household groups and building characteristics. Building Research & 

Information [Online], 46(1), pp.54–70. Available from: 

https://doi.org/10.1080/09613218.2017.1312897. 

Burke, P.J. and Csereklyei, Z., 2016. Understanding the energy-GDP elasticity: A sectoral 

approach. Energy Economics [Online], 58, pp.199–210. Available from: 

https://doi.org/10.1016/j.eneco.2016.07.004. 

Burke, P.J. and Yang, H., 2016. The price and income elasticities of natural gas demand: 

International evidence. Energy Economics [Online], 59, pp.466–474. Available 



 

172 

 

from: https://doi.org/10.1016/j.eneco.2016.08.025. 

Center for Climate and Energy Solutions, 2020. Global Emissions [Online]. Available from: 

https://www.c2es.org/content/international-emissions/ [Accessed 10 January 2021]. 

Cerezo Davila, C., Reinhart, C.F. and Bemis, J.L., 2016. Modeling Boston: A workflow for 

the efficient generation and maintenance of urban building energy models from 

existing geospatial datasets. Energy [Online], 117, pp.237–250. Available from: 

https://doi.org/10.1016/j.energy.2016.10.057. 

Charlier, D. and Risch, A., 2012. Evaluation of the impact of environmental public policy 

measures on energy consumption and greenhouse gas emissions in the French 

residential sector. Energy Policy [Online], 46, pp.170–184. Available from: 

https://doi.org/10.1016/j.enpol.2012.03.048. 

Chaturvedi, V., Eom, J., Clarke, L.E. and Shukla, P.R., 2014. Long term building energy 

demand for India: Disaggregating end use energy services in an integrated 

assessment modeling framework. Energy Policy [Online], 64, pp.226–242. Available 

from: https://doi.org/10.1016/j.enpol.2012.11.021. 

Cheng, V. and Steemers, K., 2011. Modelling domestic energy consumption at district scale: 

A tool to support national and local energy policies. Environmental Modelling & 

Software [Online], 26(10), pp.1186–1198. Available from: 

https://doi.org/10.1016/j.envsoft.2011.04.005. 

Chiesa, G. and Grosso, M., 2015. The Influence of Different Hourly Typical Meteorological 

Years on Dynamic Simulation of Buildings. Energy Procedia [Online], 78, pp.2560–

2565. Available from: https://doi.org/10.1016/j.egypro.2015.11.280. 

Climate Fairshaires, 2021a. Comparison Table [Online]. Available from: 

http://www.climatefairshares.org/tables. 

Climate Fairshaires, 2021b. Methodology [Online]. Available from: 

http://www.climatefairshares.org/methodology. 

Coffey, B., Borgeson, S., Selkowitz, S., Apte, J., Mathew, P. and Haves, P., 2009. Towards a 

very low-energy building stock: modelling the US commercial building sector to 

support policy and innovation planning. Building Research & Information [Online], 

37(5–6), pp.610–624. Available from: https://doi.org/10.1080/09613210903189467. 

Crawley, D.B., 2008. Estimating the impacts of climate change and urbanization on building 

performance. Journal of Building Performance Simulation [Online], 1(2), pp.91–

115. Available from: https://doi.org/10.1080/19401490802182079. 

Crippa, M., Guizardi, ., Muntean, M., Schaaf, E., Solazzo, E., Monforti-Ferrario, F., Olivier, 

J.G.J. and Vignati, E., 2020. Fossil CO2 emissions of all world countries - 2020 

Report [Online]. (EUR 30358 EN). European Union. Available from: 

https://edgar.jrc.ec.europa.eu/booklet2020/Fossil_CO2_emissions_of_all_world_cou

ntries_booklet_2020report.pdf [Accessed 10 January 2021]. 

Dahan, M. and Nisan, U., 2007. Unintended consequences of increasing block tariffs pricing 

policy in urban water: UNINTENDED CONSEQUENCES OF IBT PRICING. 

Water Resources Research [Online], 43(3). Available from: 

https://doi.org/10.1029/2005WR004493 [Accessed 25 September 2020]. 

Daly, H., 2007. Ecological Economics and Sustainable Development, Selected Essays of 

Herman Daly [Online]. Edward Elgar Publishing. Available from: 

https://doi.org/10.4337/9781847206947 [Accessed 5 May 2019]. 

Daly, H., 2014. From Uneconomic Growth to a Steady-State Economy: Advances in 

Ecological Economics. Cheltenham, UK: Edward Elgar Publishing. 

Davis, L.W. and Gertler, P.J., 2015. Contribution of air conditioning adoption to future 



 

173 

 

energy use under global warming. Proceedings of the National Academy of Sciences 

[Online], 112(19), pp.5962–5967. Available from: 

https://doi.org/10.1073/pnas.1423558112. 

Deetman, S., Marinova, S., van der Voet, E., van Vuuren, D.P., Edelenbosch, O. and 

Heijungs, R., 2020. Modelling global material stocks and flows for residential and 

service sector buildings towards 2050. Journal of Cleaner Production [Online], 245, 

p.118658. Available from: https://doi.org/10.1016/j.jclepro.2019.118658. 

Department for Communities and Local Government, 2014. English Housing Survey: 

Technical Report 2012-13 [Online]. London, UK. Available from: 

https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachm

ent_data/file/335421/EHS_Technical_Report_2012-13.pdf [Accessed 30 August 

2020]. 

Department of Economic and Social Affairs, United Nations, 2019. How certain are the 

United Nations global population projections? [Online]. United Nations. Available 

from: 

https://www.un.org/en/development/desa/population/publications/pdf/popfacts/PopF

acts_2019-6.pdf [Accessed 17 November 2020]. 

DesignBuilder, 2020a. [Online]. Available from: https://designbuilder.co.uk/ [Accessed 9 

August 2020]. 

DesignBuilder, 2020b. Documents [Online]. Available from: 

https://designbuilder.co.uk/download/documents [Accessed 25 March 2020]. 

Dickson, C.M., Dunster, J.E., Lafferty, S.Z. and Shorrock, L.D., 1996. BREDEM: Testing 

monthly and seasonal version against measurements and against detailed simulation 

models. Building Services Engineering Research and Technology, 17(3), pp.135–

140. 

Druckman, A. and Jackson, T., 2008. Household energy consumption in the UK: A highly 

geographically and socio-economically disaggregated model. Energy Policy 

[Online], 36(8), pp.3177–3192. Available from: 

https://doi.org/10.1016/j.enpol.2008.03.021. 

Du, G., Lin, W., Sun, C. and Zhang, D., 2015. Residential electricity consumption after the 

reform of tiered pricing for household electricity in China. Applied Energy [Online], 

157, pp.276–283. Available from: https://doi.org/10.1016/j.apenergy.2015.08.003. 

Duranton, G. and Turner, M.A., 2011. The Fundamental Law of Road Congestion: Evidence 

from US Cities. American Economic Review [Online], 101(6), pp.2616–2652. 

Available from: https://doi.org/10.1257/aer.101.6.2616. 

EcoEquity and SEI, 2021. About the Greenhouse Development Rights project [Online]. 

Available from: http://gdrights.org/about/. 

Economist Intelligence Unit, 2012. Energy efficiency and energy savings: A view from the 

building sector [Online]. Global Buildings Performance Network. Available from: 

https://www.gbpn.org/sites/default/files/06.EIU_CaseStudy.pdf [Accessed 4 

December 2020]. 

Edenhofer, O., Pichs-Madruga, R., Sokona, Y., Agrawala, S., Bashmakov, I.A., Blanco, G. 

and Broome, J., 2014. Summary for Policymakers [Online]. Climate Change 2014: 

Mitigation of Climate Change. Contribution of Working Group III to the Fifth 

Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge, 

UK and New York, USA: Intergovernmental Panel on Climate Change (IPCC). 

Available from: 

https://www.ipcc.ch/site/assets/uploads/2018/02/ipcc_wg3_ar5_summary-for-

policymakers.pdf [Accessed 29 May 2019]. 



 

174 

 

EIA, 2020. Levelized Cost and Levelized Avoided Cost of New Generation Resources in the 

Annual Energy Outlook 2020 [Online]. Available from: 

https://www.eia.gov/outlooks/aeo/pdf/electricity_generation.pdf [Accessed 28 

September 2020]. 

EnergyPlus, 2020. [Online]. Available from: https://energyplus.net/ [Accessed 9 August 

2020]. 

Eom, J., Clarke, L., Kim, S.H., Kyle, P. and Patel, P., 2012. China’s building energy 

demand: Long-term implications from a detailed assessment. Energy [Online], 

46(1), pp.405–419. Available from: https://doi.org/10.1016/j.energy.2012.08.009. 

EQUA, 2020. [Online]. Available from: https://www.equa.se/en/ida-ice [Accessed 9 August 

2020]. 

Erba, S., Causone, F. and Armani, R., 2017. The effect of weather datasets on building 

energy simulation outputs. Energy Procedia [Online], 134, pp.545–554. Available 

from: https://doi.org/10.1016/j.egypro.2017.09.561. 

European Union, 2012. Directive 2012/27/EU of the European Parliament and of the Council 

of 25 October 2012 on energy efficiency, amending Directives 2009/125/EC and 

2010/30/EU and repealing Directives 2004/8/EC and 2006/32/ECText with EEA 

relevance [Online]. EUR-Lex. Available from: https://eur-lex.europa.eu/legal-

content/EN/TXT/?uri=CELEX:32012L0027 [Accessed 30 April 2012]. 

European Union, 2013. Decision No 1386/2013/EU of the European Parliament and of the 

Council of 20 November 2013 on a General Union Environment Action Programme 

to 2020 ‘Living well, within the limits of our planet’ [Online]. European Union. 

Available from: https://eur-lex.europa.eu/legal-

content/EN/TXT/?uri=CELEX:32013D1386 [Accessed 21 August 2020]. 

European Union, 2018. Glossary: At-risk-of-poverty rate [Online]. Available from: 

https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Glossary:At-risk-

of-poverty_rate [Accessed 30 September 2020]. 

Firth, S.K., Lomas, K.J. and Wright, A.J., 2010. Targeting household energy-efficiency 

measures using sensitivity analysis. Building Research & Information [Online], 

38(1), pp.25–41. Available from: https://doi.org/10.1080/09613210903236706. 

Fletcher, R. and Rammelt, C., 2017. Decoupling: A Key Fantasy of the Post-2015 

Sustainable Development Agenda. Globalizations [Online], 14(3), pp.450–467. 

Available from: https://doi.org/10.1080/14747731.2016.1263077. 

Font Vivanco, D., Kemp, R. and van der Voet, E., 2016. How to deal with the rebound 

effect? A policy-oriented approach. Energy Policy [Online], 94, pp.114–125. 

Available from: https://doi.org/10.1016/j.enpol.2016.03.054. 

Frank, Th., 2005. Climate change impacts on building heating and cooling energy demand in 

Switzerland. Energy and Buildings [Online], 37(11), pp.1175–1185. Available from: 

https://doi.org/10.1016/j.enbuild.2005.06.019. 

Friess, W.A., Rakhshan, K. and Davis, M.P., 2017. A global survey of adverse energetic 

effects of increased wall insulation in office buildings: degree day and climate zone 

indicators. Energy Efficiency [Online], 10(1), pp.97–116. Available from: 

https://doi.org/10.1007/s12053-016-9441-z. 

Gabor, D., 1964. Inventing the Future. New York, US: Alfred A. Knopf. 

GDP per capita (current US$), 2020. [Online]. Available from: 

https://data.worldbank.org/indicator/ny.gdp.pcap.cd [Accessed 19 March 2020]. 

Global Alliance for Buildings and Construction, 2016. Towards Low-GHG and Resilient 

Buildings [Online]. Available from: 



 

175 

 

https://www.globalabc.org/resources/document/75#document [Accessed 15 April 

2019]. 

Government of the Netherlands, 2020. Energy performance certificates for homes and 

buildings [Online]. Available from: https://www.government.nl/topics/energy-

performance-certificates-for-homes-and-buildings/epcs-for-homeowners [Accessed 

1 September 2020]. 

Gray, A., 2017. 5 tech innovations that could save us from climate change [Online]. 

Available from: https://www.weforum.org/agenda/2017/01/tech-innovations-save-

us-from-climate-change/ [Accessed 22 August 2020]. 

Guerra Santin, O., 2013. Occupant behaviour in energy efficient dwellings: evidence of a 

rebound effect. Journal of Housing and the Built Environment [Online], 28(2), 

pp.311–327. Available from: https://doi.org/10.1007/s10901-012-9297-2. 

Haas, R. and Biermayr, P., 2000. The rebound effect for space heating Empirical evidence 

from Austria. Energy Policy, p.8. 

Hamilton, I.G., O’Sullivan, A., Huebner, G., Oreszczyn, T., Shipworth, D., Summerfield, A. 

and Davies, M., 2017. Old and cold? Findings on the determinants of indoor 

temperatures in English dwellings during cold conditions. Energy and Buildings 

[Online], 141, pp.142–157. Available from: 

https://doi.org/10.1016/j.enbuild.2017.02.014. 

Hardin, G., 1993. Living within limits: Ecology, economics, and population taboos. 1st ed. 

New York, US: Oxford University Press. 

Harvey, L.D.D., 2013. Recent Advances in Sustainable Buildings: Review of the Energy and 

Cost Performance of the State-of-the-Art Best Practices from Around the World. 

Annual Review of Environment and Resources [Online], 38(1), pp.281–309. 

Available from: https://doi.org/10.1146/annurev-environ-070312-101940. 

Harvey, L.D.D., 2014. Global climate-oriented building energy use scenarios. Energy Policy 

[Online], 67, pp.473–487. Available from: 

https://doi.org/10.1016/j.enpol.2013.12.026. 

Heindl, P., 2013. Discussion Paper No. 13-046. Measuring fuel poverty: General 

considerations and application to German household data [Online]. Centre for 

European Economic Research. Available from: http://ftp.zew.de/pub/zew-

docs/dp/dp13046.pdf [Accessed 20 November 2020]. 

Hellebrandt, T. and Mauro, P., 2015. The Future of Worldwide Income Distribution. 

(Working Paper 15-7). Washington, US: Peterson Institute for International 

Economics. 

Henderson, J. and Hart, J., 2015. BREDEM 2012: A technical description of the BRE 

Domestic Energy Model Version 1.1. Building Research Establishment. 

Henninger, R.H. and Witte, M.J., 2015. EnergyPlus 8.3.0-b45b06b780 Testing with Building 

Thermal Envelope and Fabric Load Tests from ANSI/ASHRAE Standard 140-2011. 

p.58. 

Hernández, D. and Bird, S., 2010. Energy Burden and the Need for Integrated Low-Income 

Housing and Energy Policy. Poverty & Public Policy [Online], 2(4), pp.668–688. 

Available from: https://doi.org/10.2202/1944-2858.1095. 

Hernández, D. and Phillips, D., 2015. Benefit or burden? Perceptions of energy efficiency 

efforts among low-income housing residents in New York City. Energy Research & 

Social Science [Online], 8, pp.52–59. Available from: 

https://doi.org/10.1016/j.erss.2015.04.010. 

Herring, H. and Roy, R., 2007. Technological innovation, energy efficient design and the 



 

176 

 

rebound effect. Technovation [Online], 27(4), pp.194–203. Available from: 

https://doi.org/10.1016/j.technovation.2006.11.004. 

Hewitt, D. and Hobart, S., 2012. Net Zero by 2030: Where Do We Stand with the Policies, 

Programs and Projects Necessary to Achieve this Goal? [Online], ACEEE Summer 

Study on Energy Efficiency in Buildings, California, US. California, US. Available 

from: https://aceee.org/files/proceedings/2012/data/papers/0193-000092.pdf 

[Accessed 7 November 2019]. 

Hickel, J., 2019. The contradiction of the sustainable development goals: Growth versus 

ecology on a finite planet. Sustainable Development [Online], 27(5), pp.873–884. 

Available from: https://doi.org/10.1002/sd.1947. 

Hickel, J., 2020. The sustainable development index: Measuring the ecological efficiency of 

human development in the anthropocene. Ecological Economics [Online], 167, 

p.106331. Available from: https://doi.org/10.1016/j.ecolecon.2019.05.011. 

Hills, J., 2011. Fuel Poverty: The Problem and its measurements. (CASE report 69). Centre 

for Analysis of Social Exclusion. 

Hills, J., 2012. Getting the measure of fuel poverty: Final Report of the Fuel Poverty Review. 

(CASE report 72). London, UK: Centre for Analysis of Social Exclusion. 

Hong, L., Liang, D. and Di, W., 2013. Economic and environmental gains of China’s fossil 

energy subsidies reform: A rebound effect case study with EIMO model. Energy 

Policy [Online], 54, pp.335–342. Available from: 

https://doi.org/10.1016/j.enpol.2012.11.045. 

Hong, L., Zhou, N., Feng, W., Khanna, N., Fridley, D., Zhao, Y. and Sandholt, K., 2016. 

Building stock dynamics and its impacts on materials and energy demand in China. 

Energy Policy [Online], 94, pp.47–55. Available from: 

https://doi.org/10.1016/j.enpol.2016.03.024. 

Hong, T., Chang, W.-K. and Lin, H.-W., 2013. A fresh look at weather impact on peak 

electricity demand and energy use of buildings using 30-year actual weather data. 

Applied Energy [Online], 111, pp.333–350. Available from: 

https://doi.org/10.1016/j.apenergy.2013.05.019. 

Huang, Y.J. and Brodrick, J., 2000. A Bottom-Up Engineering Estimate of the Aggregate 

Heating and Cooling Loads of the Entire U.S. Building Stock. p.14. 

Hulme, M., Turnpenny, J. and Jenkins, G., 2002. Climate Change Scenarios for the United 

Kingdom: The UKCIP02 Briefing Report [Online]. Norwich, UK. Available from: 

http://sciencesearch.defra.gov.uk/Document.aspx?Document=GA01001_2255_TSM

.pdf [Accessed 20 March 2020]. 

Hymans, S.H., 2021. Forecasting and Econometric Models [Online]. Available from: 

https://www.econlib.org/library/Enc/ForecastingandEconometricModels.html 

[Accessed 16 February 2021]. 

IEA, 2013. Transition to Sustainable Buildings: Strategies and Opportunities to 2050 

[Online]. Paris, France: IEA. Available from: https://www.iea.org/reports/transition-

to-sustainable-buildings [Accessed 27 July 2019]. 

IEA, 2016. Annex E: Buildings sector model [Online]. Energy Technology Perspectives. 

Available from: 

https://www.iea.org/media/etp/etp2016/AnnexE_UrbanBuildingsEnergyEstimation

Methodology_web.pdf [Accessed 17 August 2016]. 

IEA, 2017a. Energy Technology Perspectives 2017 [Online]. Paris, France. Available from: 

https://webstore.iea.org/energy-technology-perspectives-2017 [Accessed 26 July 

2018]. 



 

177 

 

IEA, 2017b. Energy Technology Perspectives 2017: Scenario data files [Online]. Available 

from: https://iea.blob.core.windows.net/assets/c1199e97-6fe4-46c8-a8d8-

e710b623db79/ETP2017scenariodata.zip [Accessed 14 March 2020]. 

IEA, 2019a. CO2 emissions from fuel combustion [Online]. Available from: 

https://www.iea.org/subscribe-to-data-services/co2-emissions-statistics [Accessed 24 

February 2020]. 

IEA, 2019b. Energy Efficiency 2019 [Online]. Paris, France. Available from: 

https://www.iea.org/reports/energy-efficiency-2019 [Accessed 22 March 2020]. 

IEA, 2019c. Global buildings sector model [Online]. Available from: 

https://www.iea.org/etp/etpmodel/buildings/ [Accessed 14 July 2019]. 

IEA, 2019d. World energy balances. Paris, France. 

IEA, 2019e. World Energy Outlook 2019. Paris, France. 

IEA, 2019f. Perspectives for the Clean Energy Transition: The Critical Role of Buildings 

[Online]. Paris, France. Available from: https://www.iea.org/reports/the-critical-role-

of-buildings [Accessed 22 February 2020]. 

IEA, 2019g. Tracking Buildings [Online]. Available from: 

https://www.iea.org/reports/tracking-buildings [Accessed 20 March 2020]. 

IEA, 2020a. Buildings. A source of enormous untapped efficiency potential [Online]. 

Available from: https://www.iea.org/topics/buildings [Accessed 9 February 2020]. 

IEA, 2020b. World Energy Prices (2020 Edition) (v.1.0) [Online]. International Energy 

Agency (IEA). Available from: https://doi.org/10.5257/IEA/WEP/2020 [Accessed 

14 March 2021]. 

International Passive House Association, 2019. Map of Certified Passive House Buildings 

[Online]. Available from: https://passivehouse-

international.org/index.php?page_id=288 [Accessed 26 April 2019]. 

Ipsos Belgium and Navigant, 2019. Comprehensive study of building energy renovation 

activities and the uptake of nearly zero-energy buildings in the EU [Online]. 

European Commission. Available from: 

https://ec.europa.eu/energy/sites/ener/files/documents/1.final_report.pdf [Accessed 5 

October 2020]. 

IRENA, 2018. Renewable Power Generation Costs in 2017. Abu Dhabi, UAE. 

Ironmonger, D.S., Aitken, C.K. and Erbas, B., 1995. Economies of scale in energy use in 

adult-only households. Energy Economics, 17(4), p.10. 

ISO, 2008. Energy performance of buildings - Calculation of energy use for space heating 

and cooling (ISO 13790:2008). British Standards. 

Jackson, T., 2013. Prosperity without growth [Online]. Edward Elgar Publishing. Available 

from: https://doi.org/10.4337/9781781951415.00015 [Accessed 23 August 2020]. 

Jamasb, T. and Meier, H., 2010. Household Energy Expenditure and Income Groups: 

Evidence from Great Britain [Online]. (EPRG Working Paper 1003). Available 

from: https://www.eprg.group.cam.ac.uk/wp-

content/uploads/2014/01/JamasbMeierCombined-EPRG10031.pdf [Accessed 27 

December 2020]. 

James J. Hirsch & Associates, 2016. DOE2 [Online]. Available from: http://www.doe2.com/ 

[Accessed 9 August 2020]. 

Jevons, W.S., 1865. The Coal Question. London, UK: Macmillan and Co. 

Johnston, D., 2003. A PHYSICALLY-BASED ENERGY AND CARBON DIOXIDE 



 

178 

 

EMISSION MODEL OF THE UK HOUSING STOCK. Leeds Metropolitan 

University. 

Johnston, D., Lowe, R. and Bell, M., 2005. An exploration of the technical feasibility of 

achieving CO2 emission reductions in excess of 60% within the UK housing stock 

by the year 2050. Energy Policy [Online], 33(13), pp.1643–1659. Available from: 

https://doi.org/10.1016/j.enpol.2004.02.003. 

Jokisalo, J., Kurnitski, J., Korpi, M., Kalamees, T. and Vinha, J., 2009. Building leakage, 

infiltration, and energy performance analyses for Finnish detached houses. Building 

and Environment [Online], 44(2), pp.377–387. Available from: 

https://doi.org/10.1016/j.buildenv.2008.03.014. 

Jones, P., Patterson, J. and Lannon, S., 2007. Modelling the built environment at an urban 

scale—Energy and health impacts in relation to housing. Landscape and Urban 

Planning [Online], 83(1), pp.39–49. Available from: 

https://doi.org/10.1016/j.landurbplan.2007.05.015. 

Judkoff, R. and Neymark, J., 1995. International Energy Agency building energy simulation 

test (BESTEST) and diagnostic method [Online]. (NREL/TP--472-6231, 90674). 

Available from: https://doi.org/10.2172/90674 [Accessed 28 August 2018]. 

Judkoff, R. and Neymark, J., 2013. Twenty Years On!: Updating the IEA BESTEST 

Building Thermal Fabric Test Cases for ASHRAE Standard 140. [Online], Building 

Simulation Conference, Chambery, France. Chambery, France: National Renewable 

Energy Laboratory. Available from: https://www.nrel.gov/docs/fy13osti/58487.pdf 

[Accessed 25 March 2020]. 

Kallis, G., 2011. In defence of degrowth. Ecological Economics [Online], 70(5), pp.873–

880. Available from: https://doi.org/10.1016/j.ecolecon.2010.12.007. 

Kavgic, M., Mavrogianni, A., Mumovic, D., Summerfield, A., Stevanovic, Z. and Djurovic-

Petrovic, M., 2010. A review of bottom-up building stock models for energy 

consumption in the residential sector. Building and Environment [Online], 45(7), 

pp.1683–1697. Available from: https://doi.org/10.1016/j.buildenv.2010.01.021. 

Kelly, S., Shipworth, M., Shipworth, D., Gentry, M., Wright, A., Pollitt, M., Crawford-

Brown, D. and Lomas, K., 2013. Predicting the diversity of internal temperatures 

from the English residential sector using panel methods. Applied Energy [Online], 

102, pp.601–621. Available from: https://doi.org/10.1016/j.apenergy.2012.08.015. 

Kohn, K. and Missong, M., 2003. Estimation of Quadratic Expenditure Systems Using 

German Household Budget Data / Schätzung Quadratischer Ausgabensysteme 

anhand der Daten der Einkommens- und Verbrauchsstichprobe. Jahrbücher für 

Nationalökonomie und Statistik [Online], 223(4). Available from: 

https://doi.org/10.1515/jbnst-2003-0404 [Accessed 17 February 2021]. 

Kokogiannakis, G., Strachan, P. and Clarke, J., 2008. Comparison of the simplified methods 

of the ISO 13790 standard and detailed modelling programs in a regulatory context. 

Journal of Building Performance Simulation [Online], 1(4), pp.209–219. Available 

from: https://doi.org/10.1080/19401490802509388. 

Kottek, M., Grieser, J., Beck, C., Rudolf, B. and Rubel, F., 2006. World Map of the Köppen-

Geiger climate classification updated [Online]. Available from: http://koeppen-

geiger.vu-wien.ac.at/present.htm [Accessed 20 March 2020]. 

Krese, G., Prek, M. and Butala, V., 2011. Incorporation of latent loads into the cooling 

degree days concept. Energy and Buildings [Online], 43(7), pp.1757–1764. 

Available from: https://doi.org/10.1016/j.enbuild.2011.03.042. 

Labidi, E. and Abdessalem, T., 2018. An econometric analysis of the household direct 

rebound effects for electricity consumption in Tunisia. Energy Strategy Reviews 



 

179 

 

[Online], 19, pp.7–18. Available from: https://doi.org/10.1016/j.esr.2017.10.006. 

Lee, H., 2020. Energy is at the heart of the solution to the climate challenge [Online]. 

Available from: https://www.ipcc.ch/2020/07/31/energy-climatechallenge/ 

[Accessed 22 August 2020]. 

Legendre, B. and Ricci, O., 2015. Measuring fuel poverty in France: Which households are 

the most fuel vulnerable? Energy Economics [Online], 49, pp.620–628. Available 

from: https://doi.org/10.1016/j.eneco.2015.01.022. 

Levett, R., 2009. Rebound and Rational Public Policy-Making. In: H. Herring and S. Sorell, 

eds. Energy Efficiency and Sustainable Consumption: The Rebound Effect, 

Hampshire, UK. Energy, Climate and the Environment. Hampshire, UK: Palgrave 

Macmillan. 

Li, X., Liu, J. and Liu, X., 2017. Direct rebound effect for urban household in China—an 

empirical study. Energy Efficiency [Online], 10(6), pp.1495–1510. Available from: 

https://doi.org/10.1007/s12053-017-9533-4. 

Lim, H. and Zhai, Z.J., 2017. Review on stochastic modeling methods for building stock 

energy prediction. Building Simulation [Online], 10(5), pp.607–624. Available from: 

https://doi.org/10.1007/s12273-017-0383-y. 

Lin, B. and Jiang, Z., 2012. Designation and influence of household increasing block 

electricity tariffs in China. Energy Policy [Online], 42, pp.164–173. Available from: 

https://doi.org/10.1016/j.enpol.2011.11.062. 

Lin, B. and Liu, X., 2013. Electricity tariff reform and rebound effect of residential 

electricity consumption in China. Energy [Online], 59, pp.240–247. Available from: 

https://doi.org/10.1016/j.energy.2013.07.021. 

Lininger, C., 2013. Consumption-Based Approaches in International Climate Policy: An 

Analytical Evaluation of the Implications for Cost-Effectiveness, Carbon Leakage, 

and the International Income Distribution. Graz Economics Papers - GEP, p.48. 

Lomas, K.J., 1996. The U.K. applicability study: an evaluation of thermal simulation 

programs for passive solar house design. Building and Environment [Online], 31(3), 

pp.197–206. Available from: https://doi.org/10.1016/0360-1323(95)00050-X. 

Lomas, K.J., Eppel, H., Martin, C. and Bloomfield, D., 1994. Empirical validation of 

thermal building simulation programs using test room data. Volume 1: Final report 

[Online]. Available from: https://www.iea-

shc.org/Data/Sites/1/publications/Task%2012_Empirical%20Validation_Vol.%201_

Sept%201994.pdf [Accessed 20 June 2019]. 

Lomas, K.J., Eppel, H., Martin, C.J. and Bloomfield, D.P., 1997. Empirical validation of 

building energy simulation programs. (26), pp.253–275. 

Loutzenhiser, P., Manz, H. and Maxwell, G., 2007. IEA ECBCS Annex 43 C/SHC Task 34 C: 

Empirical validations of shading/daylighting/load interactions in building energy 

simulation tools [Online]. International Energy Agency (IEA). Available from: 

http://www.iea-ebc.org/Data/publications/EBC_Annex_43_Task34-

Empirical_Validations.pdf [Accessed 20 November 2018]. 

Lu, L. and Price, C.W., 2018. Designing distribution network tariffs that are fair for different 

consumer groups [Online]. Available from: https://www.beuc.eu/publications/beuc-

x-2018-

099_designing_distribution_network_tariffs_that_are_fair_for_different_consumer_

groups.pdf [Accessed 20 March 2020]. 

Lu, M. and Wang, Z., 2017. Rebound effects for residential electricity use in urban China: an 

aggregation analysis based E-I-O and scenario simulation. Annals of Operations 



 

180 

 

Research [Online], 255(1–2), pp.525–546. Available from: 

https://doi.org/10.1007/s10479-016-2153-0. 

Lucon, O., Ürge-Vorsatz, D., Ahmed, A.Z., Akbari, H., Bertoldi, P., Cabeza, L.F., Eyre, N., 

Gadgil, A., Harvey, L.D. and Jiang, Y., 2014. Buildings [Online]. Climate Change 

2014: Mitigation of Climate Change. Contribution of Working Group III to the Fifth 

Assessment Report of the Intergovernmental Panel of Climate Change. Cambridge, 

UK and New York, USA. Available from: https://www.ipcc.ch/pdf/assessment-

report/ar5/wg3/ipcc_wg3_ar5_chapter9.pdf [Accessed 26 July 2018]. 

Luxembourg Income Study, 2017a. Disposable Household Income [Online]. Available from: 

https://www.lisdatacenter.org/data-access/key-figures/methods/disposable/ 

[Accessed 28 December 2020]. 

Luxembourg Income Study, 2017b. Methodological Notes [Online]. Available from: 

https://www.lisdatacenter.org/data-access/key-figures/methods/ [Accessed 27 

September 2020]. 

Luxembourg Income Study, 2018. Luxembourg Income Study [Online]. Available from: 

https://www.lisdatacenter.org/ [Accessed 27 September 2020]. 

Majcen, D., Itard, L.C.M. and Visscher, H., 2013. Theoretical vs. actual energy consumption 

of labelled dwellings in the Netherlands: Discrepancies and policy implications. 

Energy Policy [Online], 54, pp.125–136. Available from: 

https://doi.org/10.1016/j.enpol.2012.11.008. 

Martinez Soto, A. and Jentsch, M.F., 2016. Comparison of prediction models for 

determining energy demand in the residential sector of a country. Energy and 

Buildings [Online], 128, pp.38–55. Available from: 

https://doi.org/10.1016/j.enbuild.2016.06.063. 

Mata, É., Kalagasidis, A.S. and Johnsson, F., 2013. A modelling strategy for energy, carbon, 

and cost assessments of building stocks. Energy and Buildings [Online], 56, pp.100–

108. Available from: https://doi.org/10.1016/j.enbuild.2012.09.037. 

Matthias, A., 2000. Validation of IDA ICE version 2.11.06 with IEA Task 12 - Envelope 

BESTEST [Online]. Available from: 

http://www.equaonline.com/iceuser/validation/old_stuff/BESTEST_Report.pdf 

[Accessed 3 September 2019]. 

McGregor, H., Gergis, J., Abram, N. and Phipps, S., 2016. The Industrial Revolution kick-

started global warming much earlier than we realised [Online]. Available from: 

https://theconversation.com/the-industrial-revolution-kick-started-global-warming-

much-earlier-than-we-realised-64301 [Accessed 1 March 2021]. 

Meadows, D., 2007. The history and conclusions of The Limits to Growth. System Dynamics 

Review [Online], 23(2), pp.191–197. Available from: 

https://doi.org/10.1002/sdr.371. 

Meadows, Donella, Meadows, Dennis, Randers, J. and Behrens, W., 1972. The Limits to 

Growth. New York, US: Potomac Associates. 

Nässén, J. and Holmberg, J., 2009. Quantifying the rebound effects of energy efficiency 

improvements and energy conserving behaviour in Sweden. Energy Efficiency 

[Online], 2(3), pp.221–231. Available from: https://doi.org/10.1007/s12053-009-

9046-x. 

Natarajan, S. and Levermore, G.J., 2007. Predicting future UK housing stock and carbon 

emissions. Energy Policy [Online], 35(11), pp.5719–5727. Available from: 

https://doi.org/10.1016/j.enpol.2007.05.034. 

National Geographic - Urban Expeditions, 2019. Green Buildings Could Save Our Cities 



 

181 

 

[Online]. Available from: https://www.nationalgeographic.com/environment/urban-

expeditions/green-buildings/benefits-of-green-buildings-human-health-economics-

environment/ [Accessed 26 April 2019]. 

NewClimate Institute, Data-Driven Lab, PBL Netherlands Environmental Assessment 

Agency, German Development Institute/Deutsches Institut für Entwicklungspolitik 

(DIE), Blavatnik School of Government, and University of Oxford, 2019. Global 

climate action from cities, regions and businesses: Impact of individual actors and 

cooperative initiatives on global and national emissions. 2019 edition. Technical 

annex II [Online]. Available from: https://newclimate.org/wp-

content/uploads/2019/10/Technical-Annex-II_Methodology-for-Quantifying-

Potential-Impact-of-ICIs-2019.pdf [Accessed 2 October 2020]. 

Ó Broin, E., Mata, É., Göransson, A. and Johnsson, F., 2013. The effect of improved 

efficiency on energy savings in EU-27 buildings. Energy [Online], 57, pp.134–148. 

Available from: https://doi.org/10.1016/j.energy.2013.01.016. 

OFGEM, 2020. Understanding the profits of the large energy suppliers [Online]. Available 

from: https://www.ofgem.gov.uk/electricity/retail-market/retail-market-

monitoring/understanding-profits-large-energy-suppliers [Accessed 29 December 

2020]. 

Oldfield, P., Trabucco, D. and Wood, A., 2009. Five energy generations of tall buildings: an 

historical analysis of energy consumption in high-rise buildings. The Journal of 

Architecture [Online], 14(5), pp.591–613. Available from: 

https://doi.org/10.1080/13602360903119405. 

ONS, 2016. The National Statistics Socio-economic classification (NS-SEC) [Online]. 

Available from: 

https://www.ons.gov.uk/methodology/classificationsandstandards/otherclassification

s/thenationalstatisticssocioeconomicclassificationnssecrebasedonsoc2010 [Accessed 

30 August 2020]. 

Palmero-Marrero, A.I. and Oliveira, A.C., 2010. Effect of louver shading devices on 

building energy requirements. Applied Energy [Online], 87(6), pp.2040–2049. 

Available from: https://doi.org/10.1016/j.apenergy.2009.11.020. 

Pan, W., Li, K. and Teng, Y., 2018. Rethinking system boundaries of the life cycle carbon 

emissions of buildings. Renewable and Sustainable Energy Reviews [Online], 90, 

pp.379–390. Available from: https://doi.org/10.1016/j.rser.2018.03.057. 

Passipedia, 2016. The new Passive House Classes [Online]. Available from: 

https://passipedia.org/certification/passive_house_categories [Accessed 31 March 

2019]. 

Passipedia, 2019. The PER sustainability assessment [Online]. Available from: 

https://passipedia.org/certification/passive_house_categories/per#site-

specific_per_factors [Accessed 21 October 2019]. 

Passipedia, 2020. Examples [Online]. Available from: https://passipedia.org/examples 

[Accessed 19 February 2020]. 

Passive House Institute, 2019a. Passive House Institute / About us [Online]. Available from: 

https://passivehouse.com/01_passivehouseinstitute/01_passivehouseinstitute.htm 

[Accessed 26 April 2019]. 

Passive House Institute, 2019b. Passivhaus Planning Package (PHPP) (v.9.3). Passive 

House Institute. 

Passive House requirements, 2015. [Online]. Available from: 

https://passiv.de/en/02_informations/02_passive-house-requirements/02_passive-

house-requirements.htm [Accessed 20 September 2018]. 



 

182 

 

Peters, B. and McWhinnie, S.F., 2018. On the rebound: estimating direct rebound effects for 

Australian households. Australian Journal of Agricultural and Resource Economics 

[Online], 62(1), pp.65–82. Available from: https://doi.org/10.1111/1467-

8489.12230. 

Radhi, H., 2009. Evaluating the potential impact of global warming on the UAE residential 

buildings – A contribution to reduce the CO2 emissions. Building and Environment 

[Online], 44(12), pp.2451–2462. Available from: 

https://doi.org/10.1016/j.buildenv.2009.04.006. 

Ramesh, T., Prakash, R. and Shukla, K.K., 2010. Life cycle energy analysis of buildings: An 

overview. Energy and Buildings [Online], 42(10), pp.1592–1600. Available from: 

https://doi.org/10.1016/j.enbuild.2010.05.007. 

Randers, J., 2012. Greenhouse gas emissions per unit of value added (“GEVA”) — A 

corporate guide to voluntary climate action. Energy Policy [Online], 48, pp.46–55. 

Available from: https://doi.org/10.1016/j.enpol.2012.04.041. 

Ren, Z., Paevere, P. and McNamara, C., 2012. A local-community-level, physically-based 

model of end-use energy consumption by Australian housing stock. Energy Policy 

[Online], 49, pp.586–596. Available from: 

https://doi.org/10.1016/j.enpol.2012.06.065. 

Rockström, J., Steffen, W., Noone, K., Persson, Å., Chapin, F.S.I., Lambin, E., Lenton, 

T.M., Scheffer, M., Folke, C., Schellnhuber, H.J., Nykvist, B., de Wit, C.A., Hughes, 

T., van der Leeuw, S., Rodhe, H., Sörlin, S., Snyder, P.K., Costanza, R., Svedin, U., 

Falkenmark, M., Karlberg, L., Corell, R.W., Fabry, V.J., Hansen, J., Walker, B., 

Liverman, D., Richardson, K., Crutzen, P. and Foley, J., 2009. Planetary Boundaries: 

Exploring the Safe Operating Space for Humanity. Ecology and Society [Online], 

14(2). Available from: https://doi.org/10.5751/ES-03180-140232 [Accessed 20 

August 2020]. 

Sachs, J., 2015. The Age of Sustainable Development. Columbia University Press, US. 

Santamouris, M., 2016. Cooling the buildings – past, present and future. Energy and 

Buildings [Online], 128, pp.617–638. Available from: 

https://doi.org/10.1016/j.enbuild.2016.07.034. 

Santarius, T., 2012. Green Growth Unravelled: How rebound effects baffle sustainability 

targets when the economy keeps growing [Online]. Heinrich Boell Foundation and 

Wuppertal Institute for Climate, Environment and Energy. Available from: 

https://www.greengrowthknowledge.org/sites/default/files/downloads/resource/GG_

Unravelled_HBF_and_WI.pdf [Accessed 16 February 2021]. 

Sartori, I., Wachenfeldt, B.J. and Hestnes, A.G., 2009. Energy demand in the Norwegian 

building stock: Scenarios on potential reduction. Energy Policy [Online], 37(5), 

pp.1614–1627. Available from: https://doi.org/10.1016/j.enpol.2008.12.031. 

Saunders, H., 1992. The Khazzoom-Brookes Postulate and Neoclassical Growth. Energy 

Journal, 13(4), pp.131–148. 

Schleich, J., Mills, B. and Dütschke, E., 2014. A brighter future? Quantifying the rebound 

effect in energy efficient lighting. Energy Policy [Online], 72, pp.35–42. Available 

from: https://doi.org/10.1016/j.enpol.2014.04.028. 

Schnieders, J., Feist, W. and Rongen, L., 2015. Passive Houses for different climate zones. 

Energy and Buildings [Online], 105, pp.71–87. Available from: 

https://doi.org/10.1016/j.enbuild.2015.07.032. 

Schulte, I. and Heindl, P., 2016. Price and Income Elasticities of Residential Energy 

Demand in Germany [Online]. (Discussion Paper 16-052). Mannheim, Germany: 

Centre for European Economic Research. Available from: 



 

183 

 

https://www.econstor.eu/handle/10419/144157 [Accessed 28 September 2020]. 

Shepherd, W.G., 1992. Ramsey pricing: Its uses and limits. Utilities Policy [Online], 2(4), 

pp.296–298. Available from: https://doi.org/10.1016/0957-1787(92)90007-6. 

Shi, X., Si, B., Zhao, J., Tian, Z., Wang, C., Jin, X. and Zhou, X., 2019. Magnitude, Causes, 

and Solutions of the Performance Gap of Buildings: A Review. Sustainability 

[Online], 11(3), p.937. Available from: https://doi.org/10.3390/su11030937. 

Shin, M. and Do, S.L., 2016. Prediction of cooling energy use in buildings using an 

enthalpy-based cooling degree days method in a hot and humid climate. Energy and 

Buildings [Online], 110, pp.57–70. Available from: 

https://doi.org/10.1016/j.enbuild.2015.10.035. 

Solovitch, S., 2015. The House That Could Save the World [Online]. Available from: 

https://www.politico.com/magazine/story/2015/09/the-house-that-could-save-the-

world-213159 [Accessed 26 April 2019]. 

Sorrell, S., 2010. Energy, Economic Growth and Environmental Sustainability: Five 

Propositions. p.26. 

Sorrell, S., Dimitropoulos, J. and Sommerville, M., 2009. Empirical estimates of the direct 

rebound effect: A review. Energy Policy [Online], 37(4), pp.1356–1371. Available 

from: https://doi.org/10.1016/j.enpol.2008.11.026. 

State of California, 2006. AB-32 Air pollution: greenhouse gases: California Global 

Warming Solutions Act of 2006 [Online]. Available from: 

https://leginfo.legislature.ca.gov/faces/billTextClient.xhtml?bill_id=200520060AB3

2 [Accessed 15 January 2021]. 

Steffen, W., Richardson, K., Rockstrom, J., Cornell, S.E., Fetzer, I., Bennett, E.M., Biggs, 

R., Carpenter, S.R., de Vries, W., de Wit, C.A., Folke, C., Gerten, D., Heinke, J., 

Mace, G.M., Persson, L.M., Ramanathan, V., Reyers, B. and Sorlin, S., 2015. 

Planetary boundaries: Guiding human development on a changing planet. Science 

[Online], 347(6223), pp.1259855–1259855. Available from: 

https://doi.org/10.1126/science.1259855. 

Stockholm Resilience Centre, 2015. Planetary Boundaries - an update [Online]. Available 

from: https://www.stockholmresilience.org/research/research-news/2015-01-15-

planetary-boundaries---an-update.html [Accessed 10 January 2021]. 

Stone, A., Shipworth, D., Biddulph, P. and Oreszczyn, T., 2014. Key factors determining the 

energy rating of existing English houses. Building Research & Information [Online], 

42(6), pp.725–738. Available from: https://doi.org/10.1080/09613218.2014.905383. 

Strachan, P., Svehla, K., Heusler, I. and Kersken, M., 2016. Whole model empirical 

validation on a full-scale building. Journal of Building Performance Simulation 

[Online], 9(4), pp.331–350. Available from: 

https://doi.org/10.1080/19401493.2015.1064480. 

Strachan, P., Svehla, K., Kersken, M. and Heusler, I., 2016. Reliable building energy 

performance characterisation based on full scale dynamic measurements: Report of 

Subtask 4a: Empirical validation of common building energy simulation models 

based on in situ dynamic data [Online]. Belgium: International Energy Agency. 

Available from: http://www.iea-

ebc.org/Data/publications/EBC_Annex_58_Final_Report_ST4a.pdf [Accessed 4 

September 2019]. 

Sun, B., 2018. Heterogeneous direct rebound effect: Theory and evidence from the Energy 

Star program. Energy Economics [Online], 69, pp.335–349. Available from: 

https://doi.org/10.1016/j.eneco.2017.11.025. 



 

184 

 

Sun, C. and Lin, B., 2013. Reforming residential electricity tariff in China: Block tariffs 

pricing approach. Energy Policy [Online], 60, pp.741–752. Available from: 

https://doi.org/10.1016/j.enpol.2013.05.023. 

Swan, L.G. and Ugursal, V.I., 2009. Modeling of end-use energy consumption in the 

residential sector: A review of modeling techniques. Renewable and Sustainable 

Energy Reviews [Online], 13(8), pp.1819–1835. Available from: 

https://doi.org/10.1016/j.rser.2008.09.033. 

Teller-Elsberg, J., Sovacool, B., Smith, T. and Laine, E., 2016. Fuel poverty, excess winter 

deaths, and energy costs in Vermont: Burdensome for whom? Energy Policy 

[Online], 90, pp.81–91. Available from: https://doi.org/10.1016/j.enpol.2015.12.009. 

Trucano, T.G., Swiler, L.P., Igusa, T., Oberkampf, W.L. and Pilch, M., 2006. Calibration, 

validation, and sensitivity analysis: What’s what. Reliability Engineering & System 

Safety [Online], 91(10–11), pp.1331–1357. Available from: 

https://doi.org/10.1016/j.ress.2005.11.031. 

Tuominen, P., Holopainen, R., Eskola, L., Jokisalo, J. and Airaksinen, M., 2014. Calculation 

method and tool for assessing energy consumption in the building stock. Building 

and Environment [Online], 75, pp.153–160. Available from: 

https://doi.org/10.1016/j.buildenv.2014.02.001. 

UK Parliament, 2020. Research Briefing: Poverty in the UK: statistics [Online]. Available 

from: https://commonslibrary.parliament.uk/research-briefings/sn07096/ [Accessed 

30 September 2020]. 

UNEP, 2011. Decoupling natural resource use and environmental impacts from economic 

growth [Online]. Paris, France: UNEP. Available from: 

https://www.ourenergypolicy.org/wp-content/uploads/2014/07/decoupling.pdf 

[Accessed 12 April 2020]. 

UNEP, 2014. Decoupling 2: technologies, opportunities and policy options [Online]. Paris, 

France: UNEP. Available from: 

http://www.unep.org/resourcepanel/Portals/24102/PDFs/IRP_DECOUPLING_2_RE

PORT.pdf [Accessed 21 August 2020]. 

UNFCC, 2020. What is the Kyoto Protocol? [Online]. Available from: 

https://unfccc.int/kyoto_protocol [Accessed 20 May 2020]. 

UNFCC, 2021. What is the Paris Agreement? [Online]. Available from: 

https://unfccc.int/process-and-meetings/the-paris-agreement/what-is-the-paris-

agreement [Accessed 20 July 2020]. 

United Nations, 2014. World Economic Situation and Prospects [Online]. United Nations. 

Available from: 

https://www.un.org/en/development/desa/policy/wesp/wesp_archive/wesp2014.pdf 

[Accessed 23 February 2021]. 

United Nations, 2019a. Department of Economic and Social Affairs: Population Dynamics 

[Online]. Available from: 

https://population.un.org/wpp/Download/Standard/Population/ [Accessed 19 March 

2020]. 

United Nations, 2019b. World Population Prospects 2019: Highlights [Online]. Available 

from: 

https://population.un.org/wpp/Publications/Files/WPP2019_10KeyFindings.pdf 

[Accessed 23 March 2020]. 

United Nations, 2020a. About the Sustainable Development Goals [Online]. Available from: 

https://www.un.org/sustainabledevelopment/sustainable-development-goals/ 

[Accessed 20 April 2020]. 



 

185 

 

United Nations, 2020b. Households by age and sex of reference person and by size of 

household [Online]. Available from: 

http://data.un.org/Data.aspx?d=POP&f=tableCode:50 [Accessed 27 September 

2020]. 

United Nations Framework Convention on Climate Change, 2019. Paris Agreement - Status 

of Ratification [Online]. Available from: https://unfccc.int/process/the-paris-

agreement/status-of-ratification [Accessed 21 March 2019]. 

Ürge-Vorsatz, D., Petrichenko, K., Antal, M., Staniec, M., Labelle, M., Ozden, E. and 

Labzina, E., 2012. Best Practice Policies for Low Energy and Carbon Buildings. A 

Scenario Analysis. Global Buildings Performance Network. 

Ürge-Vorsatz, D., Petrichenko, K., Staniec, M. and Eom, J., 2013. Energy use in buildings in 

a long-term perspective. Current Opinion in Environmental Sustainability [Online], 

5(2), pp.141–151. Available from: https://doi.org/10.1016/j.cosust.2013.05.004. 

US Department of Energy, 2017a. Energy Savings Analysis: ANSI/ASHRAE/IES Standard 

90.1-2016 [Online]. Available from: 

https://www.energycodes.gov/sites/default/files/documents/02222018_Standard_90.

1-2016_Determination_TSD.pdf [Accessed 18 April 2019]. 

US Department of Energy, 2017b. Energy savings analysis: ANSI/ASHRAE/IES Standard 

90.1-2016 [Online]. US Department of Energy - Office of energy efficiency and 

renewable energy. Available from: 

https://www.energycodes.gov/sites/default/files/documents/02202018_Standard_90.

1-2016_Determination_TSD.pdf [Accessed 2 September 2018]. 

USGBC, 2016. LEED by the numbers: 16 years of steady growth [Online]. Available from: 

https://www.usgbc.org/articles/leed-numbers-16-years-steady-growth [Accessed 26 

April 2019]. 

USGBC, 2019. LEED credit library [Online]. Available from: https://www.usgbc.org/credits 

[Accessed 18 April 2019]. 

Vásquez, F., Løvik, A.N., Sandberg, N.H. and Müller, D.B., 2016. Dynamic type-cohort-

time approach for the analysis of energy reductions strategies in the building stock. 

Energy and Buildings [Online], 111, pp.37–55. Available from: 

https://doi.org/10.1016/j.enbuild.2015.11.018. 

Vávra, J., Peters, V., Lapka, M., Craig, T. and Cudlínová, E., 2015. What Shapes the 

Temperatures of Living Rooms in Three European Regions? Sociální studia / Social 

Studies [Online], 12(3), p.135. Available from: https://doi.org/10.5817/SOC2015-3-

135. 

Victor, P., 2019. Managing without Growth: Slower by Design, not Disaster. second. 

Cheltenham, UK: Edward Elgar Publishing. 

Ward, J.D., Sutton, P.C., Werner, A.D., Costanza, R., Mohr, S.H. and Simmons, C.T., 2016. 

Is Decoupling GDP Growth from Environmental Impact Possible? PLOS ONE 

[Online], 11(10), p.e0164733. Available from: 

https://doi.org/10.1371/journal.pone.0164733. 

Whitner, R.B. and Balci, O., 1989. Guidelines for selecting and using simulation model 

verification techniques. Proceedings of the 21st conference on Winter simulation  - 

WSC ’89, [Online], the 21st conference, Washington, D.C., United States. 

Washington, D.C., United States: ACM Press, pp.559–568. Available from: 

https://doi.org/10.1145/76738.76811 [Accessed 7 March 2021]. 

Whittington, D. and Nauges, C., 2020. An Assessment of the Widespread Use of Increasing 

Block Tariffs in the Municipal Water Supply Sector. Oxford Research Encyclopedia 

of Global Public Health, [Online]. Oxford University Press. Available from: 



 

186 

 

https://doi.org/10.1093/acrefore/9780190632366.013.243 [Accessed 26 September 

2020]. 

WHO, 2018. Climate change and health [Online]. Available from: 

https://www.who.int/news-room/fact-sheets/detail/climate-change-and-health 

[Accessed 1 March 2021]. 

WHO, 2021. Deaths from climate change [Online]. Available from: 

https://www.who.int/heli/risks/climate/climatechange/en/ [Accessed 1 March 2021]. 

Wiedmann, T., Lenzen, M., Keyßer, L.T. and Steinberger, J.K., 2020. Scientists’ warning on 

affluence. Nature Communications [Online], 11(1). Available from: 

https://doi.org/10.1038/s41467-020-16941-y [Accessed 20 August 2020]. 

Wiedmann, T.O., Schandl, H., Lenzen, M., Moran, D., Suh, S., West, J. and Kanemoto, K., 

2015. The material footprint of nations. Proceedings of the National Academy of 

Sciences [Online], 112(20), pp.6271–6276. Available from: 

https://doi.org/10.1073/pnas.1220362110. 

World Bank, 2017. Population Estimates and Projections [Online]. Available from: 

https://data.worldbank.org/data-catalog/population-projection-tables [Accessed 29 

October 2017]. 

World Bank, 2020. Global Consumption Database [Online]. Available from: 

http://datatopics.worldbank.org/consumption/ [Accessed 27 September 2020]. 

World Wide Fund for Nature, 2007. Water and Energy Tariffs for Sustainability [Online]. 

Available from: 

http://assets.wwf.org.uk/downloads/energy_water_summary_final.pdf [Accessed 20 

March 2020]. 

Zhou, N., Khanna, N., Feng, W., Ke, J. and Levine, M., 2018a. Scenarios of energy 

efficiency and CO2 emissions reduction potential in the buildings sector in China to 

year 2050. Nature Energy [Online], 3(11), pp.978–984. Available from: 

https://doi.org/10.1038/s41560-018-0253-6. 

Zhou, N., Khanna, N., Feng, W., Ke, J. and Levine, M., 2018b. Scenarios of energy 

efficiency and CO2 emissions reduction potential in the buildings sector in China to 

year 2050. Supplementary information. Nature Energy [Online], 3(11), pp.978–984. 

Available from: https://doi.org/10.1038/s41560-018-0253-6. 

Zhu, X., Li, L., Zhou, K., Zhang, X. and Yang, S., 2018. A meta-analysis on the price 

elasticity and income elasticity of residential electricity demand. Journal of Cleaner 

Production [Online], 201, pp.169–177. Available from: 

https://doi.org/10.1016/j.jclepro.2018.08.027. 

Zou, H., Luan, B., Zheng, X. and Huang, J., 2020. The effect of increasing block pricing on 

urban households’ electricity consumption: Evidence from difference-in-differences 

models. Journal of Cleaner Production [Online], 257, p.120498. Available from: 

https://doi.org/10.1016/j.jclepro.2020.120498. 

 


	Abstract
	Research outputs
	Acknowledgements
	List of abbreviations
	Chapter 1. Thesis’ introduction
	1.1. Infinite growth on a finite planet
	1.2. Efficiency-first versus sufficiency-first
	1.3. Buildings
	1.4. Thesis’ aims and objectives

	Chapter 2. The scale of the problem
	2.1. Preamble to journal paper
	2.2. Statement of authorship for journal paper
	2.3. Manuscript of journal paper
	2.3.1. Introduction
	2.3.2. Defining the targets
	2.3.3. Methods
	2.3.3.1. Energy Use Intensities (EUIs)
	2.3.3.1.1. Newly constructed buildings
	2.3.3.1.2. Existing buildings

	2.3.3.2. Computing current and future floor area of building stock

	2.3.4. Results
	2.3.5. Conclusion and Policy Implications
	2.3.6. Data statement
	2.3.7. Acknowledgements
	2.3.8. Author Contributions
	2.3.9. Appendix
	2.3.9.1. Examining the 2DS scenario
	2.3.9.2. Detailed results of the model
	2.3.9.3. Selection of countries
	2.3.9.4. Average Annual Reduction Rates (AARRs) and projected EUIs for ASHRAE climate zones
	2.3.9.5. Resultant EUIs for Net-Zero Energy Buildings (NZEBs) in the US



	Chapter 3. A review of Building Stock Energy Models (BSEMs)
	3.1. Introduction
	3.2. Modelling the physical attributes
	3.2.1. Thermodynamic modelling of buildings
	3.2.2. Steady-state versus dynamic modelling
	3.2.3. Heating Degree Days (HDDs) and Cooling Degree Days (CDDs) method
	3.2.4. Climatic data

	3.3. How socioeconomic factors affect buildings’ energy demand
	3.3.1. Income and consumption: A usually positive correlation
	3.3.2. The rebound effect

	3.4. How valid are BSEMs?
	3.5. Predicting the future by inventing it: A way forward
	3.6. Conclusion

	Chapter 4. A technical pathway for a 2DS and a B2DS compliant global buildings sector
	4.1. Methodology
	4.2. Results and discussion
	4.2.1. Newly constructed buildings
	4.2.2. Existing buildings
	4.2.3. Comparison with Chapter 2’s model

	4.3. Model verification
	4.4. Comparison with other models
	4.5. Conclusion

	Chapter 5. Keeping the rebound and energy poverty at bay: A novel tariff structure
	5.1. Restricting energy consumption through penalising lavish lifestyles
	5.2. Methodology
	5.2.1. Calculating the rebound effect
	5.2.2. Household data
	5.2.3. Energy consumption per household
	5.2.4. Cost and revenues
	5.2.5. Setting the tariffs and block sizes: Conventional tariff versus proposed tariff
	5.2.6. Defining energy poverty and determining its extent

	5.3. Results and discussion
	5.3.1. Resultant tariffs: Conventional versus proposed tariff
	5.3.2. The rebound effect
	5.3.3. Energy poverty

	5.4. Model verification
	5.5. Conclusion

	Chapter 6. Thesis’ conclusion and recommendations for future research
	6.1. Research limitations
	6.2. Contribution to knowledge and prospects for future research
	References



