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SUMMARY 

Climate change presents perhaps the most profound economic, technical, social and political 

challenge faced by humanity in the 21st century. Although all sectors of the European economy 

and society in general need to be fully decarbonised, this PhD dissertation focusses on the 

required efforts in the context of the electricity system and the building stock. As explained in 

the introductory chapter, the decarbonisation pathways for both of these sectors are closely 

intertwined, leading to an incredibly complex puzzle to solve – both for scientists and 

policymakers. This puzzle can be roughly divided into two overarching questions. The first 

question is: what to do with the building stock? This relates especially to the large amount of 

renovations that need to take place and to the degree of ‘electrification’ that should be pursued 

in this regard. The second question is: how to realise this in practice? In the context of this 

dissertation, this question primarily relates to the barriers that are hindering the large-scale 

renovation of the building stock from taking place. The different chapters of this dissertation 

contribute a few modest puzzle pieces in order to make progress towards ultimately answering 

each of these two overarching questions. 

Chapters 2 and 3 focus on conversion factors, namely the CO2-intensity and the primary energy 

factor (PEF) of electricity. These parameters respectively indicate the amount of CO2 emissions 

and the amount of primary energy use that is associated with the consumption of a unit of grid 

electricity (e.g. a kilowatt-hour). Typically, conversion factors focus on a particular country 

(e.g. “how CO2-intensive is electricity in Belgium?). They are of crucial importance in helping 

to figure out ‘what to do with the building stock’, because they are used to evaluate the merits 

of measures like installing heat pumps and solar panels in the context of both construction and 

renovation activities. Conversion factors enable a calculation of the degree to which these kinds 

of measures result in a reduction of CO2 emissions or primary energy use. Importantly, the 

results of such calculations can then be used to make a comparison with alternative measures 

and determine which ones are most cost-efficient. 

Specifically, Chapter 2 presents a broad review of the recent academic literature with respect 

to the use and calculation of the abovementioned conversion factors. The goal of this review is 

to identify the contemporary trends and issues on this front. The chapter focusses on a number 

of different ‘aspects’ related to conversion factors, like their temporal resolution, whether 

imported electricity from surrounding countries is taken into account, and whether a purely 

operational or life-cycle perspective is used. The review indicates that conversion factors are 

often calculated in a whole variety of ways, making it hard to compare the results of similar 

studies (e.g. studies that estimate the amount of CO2 emissions associated with a heat pump). 

Moreover, many recent studies are found to be insufficiently transparent about the conversion 

factors that are being used, or – when the conversion factors are calculated within the studies 

themselves – about the justifications for calculating them in a certain way. What is also found 
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in Chapter 2, is that there is a strong need in the literature for a publicly available database of 

rigorously calculated conversion factor values. 

In Chapter 3, such a database is generated and made publicly available, using a model of the 

future European electricity system in the years 2025, 2030 and 2040. The purpose of doing so 

is to facilitate future research in which conversion factors are needed for a whole range of 

different possible applications, which are not necessarily restricted to the buildings-context. For 

example, the CO2 emissions related to charging electric vehicles can also be calculated using 

the values that are found in the database. The model constructed in Chapter 3 simulates the 

optimal dispatch of electricity generators across the entire European electricity system (28 

countries) on an hourly basis, taking into account all the relevant technical constraints and 

elements like the management of hydropower reserves across the year. By generating the 

conversion factor database, a number of cross-country differences are identified. For example, 

not all national conversion factors are equally influenced by the electricity imports from 

surrounding countries, and conversion factors are more seasonally dependent in some countries 

than in others. 

In Chapter 4, the conversion factors from the generated database are put to use in an evaluation 

of home batteries – which have recently received an increasing amount of research attention in 

the literature. Home batteries are technically capable of supporting many different objectives, 

including the maximisation of solar self-consumption and the minimisation of short-term peaks 

in electricity consumption. However, an underresearched objective is for a home battery to help 

reduce the primary energy use or CO2 emissions of residential buildings. A simulation model 

is constructed whereby home batteries use the hourly PEF and CO2-intensity profiles to 

strategically shift the grid electricity consumption of residential buildings to particular hours of 

the day. Given the fact that both battery prices and these fluctuating hourly profiles are expected 

to evolve throughout time, the model is used to perform simulations representing the years 

2025, 2030 and 2040. It is found that home batteries can offer a unique way to potentially help 

decarbonise the buildings sector in the long-term future, especially when deployed in buildings 

that already have a relatively high level of energy performance. Due to the marginal diminishing 

returns of traditional renovation measures like improving thermal insulation, further mitigating 

the emissions of these buildings can be rather expensive. By comparison, home batteries could 

then be a relatively cheap alternative to help decarbonise such buildings. 

To partially address the question of ‘how to realise the envisioned building stock in practice’, 

Chapter 5 investigates the financial barrier to renovation investments. It has frequently been 

hypothesised in the literature that the limited ability of homeowners to finance the renovations 

that are necessary to address climate change may constitute a significant barrier. However, a 

quantification of the severity of this barrier has so far remained unavailable, for Belgium or 

even any other European country. In this chapter, an empirical dataset is used in combination 
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with a simulation model to perform such a first-of-its-kind assessment for the Belgian region 

of Flanders. The results indicate that approximately half of the homeowning households in 

Flanders cannot finance the necessary renovations. In the long-term, policymakers will 

therefore need to identify the appropriate ways of alleviating this barrier. However, the fact that 

half of all households can finance comprehensive renovations and yet decides not to do so also 

indicates that new policies are required to activate them as soon as possible.  
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SAMENVATTING – DUTCH SUMMARY 

Klimaatverandering vormt wellicht de grootste economische, technische, sociale en politieke 

uitdaging voor de mensheid in de 21ste eeuw. Hoewel alle sectoren van de Europese economie 

en maatschappij volledig moeten gedecarboniseerd worden, focust dit PhD-proefschrift op de 

inspanningen die noodzakelijk zijn in de context van het elektriciteitssysteem en het 

gebouwenpark. Zoals uitgelegd wordt in het inleidende hoofdstuk zijn de uitdagingen in deze 

twee sectoren nauw met elkaar vervlochten, wat tot een enorm complexe puzzel leidt – zowel 

voor wetenschappers als beleidsmakers. Deze puzzel kan ruwweg worden opgesplitst aan de 

hand van twee overkoepelende vragen. De eerste vraag is: wat moeten we doen met het 

gebouwenpark? Deze vraag heeft vooral betrekking op het grote aantal renovaties die moeten 

uitgevoerd worden, en op de mate van ‘elektrificatie’ die we hierbij moeten trachten te 

realiseren. De tweede vraag is: hoe realiseren we dit in de praktijk? In de context van dit 

proefschrift heeft deze vraag vooral betrekking op de barrières die de grootschalige renovatie 

van het gebouwenpark dreigen te verhinderen. De verschillende hoofdstukken van dit 

proefschrift trachten een aantal bescheiden puzzelstukken bij te dragen, zodat er vooruitgang 

kan geboekt worden richting het beantwoorden van de twee overkoepelende vragen. 

Hoofdstukken 2 en 3 focussen op conversiefactoren, namelijk de CO2-intensiteit en de primaire 

energiefactor (PEF) van elektriciteit. Deze parameters geven respectievelijk aan hoeveel CO2-

uitstoot en hoeveel primair energieverbruik er samengaan met de consumptie van een eenheid 

elektriciteit (bv. een kilowattuur). Klassiek focussen dergelijke conversiefactoren op een 

specifiek land (bv. “hoe CO2-intensief is de elektriciteit in België?”). Ze zijn van cruciaal belang 

om te helpen onderzoeken ‘wat we met het gebouwenpark moeten doen’, aangezien ze gebruikt 

worden om de merites van verschillende maatregelen te evalueren in de context van 

nieuwbouw- en renovatieactiviteiten. Een voorbeeld hiervan is om na te gaan hoeveel CO2 er 

wordt uitgespaard wanneer er zonnepanelen of een warmtepomp wordt geïnstalleerd. Wat 

daarbij vooral van belang is, is dat dit soort berekeningen het mogelijk maken om alle 

verschillende mogelijke maatregelen tegen elkaar af te wegen en te bepalen dewelke het meest 

kosten-efficiënt zijn. 

In Hoofdstuk 2 wordt er specifiek in kaart gebracht hoe er in recent academisch onderzoek 

wordt omgegaan met conversiefactoren, aan de hand van een uitgebreide literatuurstudie. De 

bedoeling van deze literatuurstudie is om de hedendaagse trends en problemen op dit vlak te 

identificeren. Het hoofdstuk beschouwt een aantal ‘aspecten’ van conversiefactoren, zoals hun 

temporele resolutie, of ze rekening houden met de import van elektriciteit uit omringende 

landen, en of ze al dan niet een levenscyclus-perspectief hanteren. De literatuurstudie geeft aan 

dat conversiefactoren nog zeer vaak berekend en gebruikt worden op een heel aantal 

uiteenlopende manieren, wat het moeilijk maakt om de resultaten uit verschillende studies met 

elkaar te vergelijken (bijvoorbeeld twee studies die elk de CO2-uitstoot die gepaard gaat met 
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het gebruik van een warmtepomp trachten in te schatten). Verder wordt het duidelijk gemaakt 

dat vele recente studies onvoldoende transparant zijn wat betreft de bron van de gebruikte 

conversiefactoren, of – wanneer de conversiefactoren in de studie zelf berekend worden – wat 

betreft de argumenten voor het kiezen van een bepaalde berekeningsmethode. Wat ten slotte 

nog opgemerkt wordt in Hoofdstuk 2 is dat er duidelijk een sterke nood bestaat aan een publiek 

beschikbare database van rigoureus berekende conversiefactorwaarden. 

In Hoofdstuk 3 wordt een dergelijke database van conversiefactorwaarden gegenereerd en 

publiek beschikbaar gemaakt, gebruikmakende van een model van het Europese 

elektriciteitssysteem in de jaren 2025, 2030 en 2040. Het doel hierachter is het faciliteren van 

toekomstig wetenschappelijk onderzoek waarin conversiefactoren gebruikt worden voor 

uiteenlopende toepassingen, die niet noodzakelijk beperkt zijn tot het onderzoeken van het 

toekomstige gebouwenpark. Zo kunnen CO2-intensitenten uit de database bijvoorbeeld gebruikt 

worden voor het inschatten van de hoeveelheid CO2-uitstoot die gepaard gaat met het opladen 

van elektrische voertuigen. Het model dat ontwikkeld wordt in Hoofdstuk 3 simuleert de 

optimale dispatch van elektriciteitscentrales over het hele Europese elektriciteitssysteem (28 

landen) op een uurlijkse basis. Hierbij houdt het model rekening met alle voornaamste 

technische eigenschappen van de verschillende productietechnologieën, alsook met elementen 

zoals het optimaal beheren van de energiereserves in de bekkens van waterkrachtcentrales 

doorheen het jaar. Bij het genereren van de database werden er een aantal belangrijke 

verschillen tussen onderlinge Europese landen geïdentificeerd. Zo blijken landen bijvoorbeeld 

te verschillen op vlak van de mate waarin hun nationale conversiefactoren worden beïnvloed 

door de import van elektriciteit uit buurlanden, en op vlak van de mate waarin de 

coversiefactoren verschillen van seizoen tot seizoen. 

In Hoofdstuk 4 worden de conversiefactorwaarden uit de database gebruikt om het potentieel 

van thuisbatterijen te evalueren. Thuisbatterijen hebben de voorbije jaren steeds meer aandacht 

gekregen in wetenschappelijk onderzoek. Ze zijn technisch in staat om vele uiteenlopende 

doelstellingen te helpen bereiken, zoals het maximaal lokaal consumeren van energie uit 

zonnepanelen, en het minimaliseren van consumptiepieken die een zware belasting vormen 

voor het elektriciteitsnet. Een mogelijke doelstelling voor thuisbatterijen die echter nog veel 

minder onderzocht is, is het helpen minimaliseren van de CO2-uitstoot waar een woning voor 

verantwoordelijk is. In dit hoofdstuk wordt er daarom een simulatiemodel ontwikkeld waarbij 

thuisbatterijen de uurlijkse profielen van CO2-intensiteiten en PEFs gebruiken om de 

elektriciteitsconsumptie van een woning zo veel mogelijk te concentreren in bepaalde uren van 

de dag. Gegeven het feit dat zowel batterijprijzen als deze uurlijkse profielen zullen blijven 

evolueren in de toekomst, wordt het simulatiemodel gebruikt om de jaren 2025, 2030 en 2040 

te onderzoeken. Er wordt bevonden dat thuisbatterijen een unieke manier kunnen bieden om 

het gebouwenpark te helpen decarboniseren op de lange termijn. Vooral bij woningen met een 

energieperformantieniveau dat reeds vrij hoog ligt. Vanwege de afnemende meeropbrengsten 
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van traditionele renovatiemaatregelen zoals het verbeteren van de thermische isolatie van een 

gebouw, kan het nog verder reduceren van de uitstoot van dergelijke gebouwen vrij duur zijn. 

In vergelijking bestaat bij dit soort woningen de kans dat het relatief goedkoop is om in de 

plaats een thuisbatterij te installeren die de uitstoot helpt te reduceren. 

Om ook de overkoepelende vraag ‘hoe we de gewenste transformatie van het gebouwenpark in 

de praktijk kunnen realiseren’ gedeeltelijk te helpen beantwoorden, onderzoekt Hoofdstuk 5 de 

financiële barrière van renovatie-investeringen. Er wordt al langer verondersteld dat de 

beperkte mate waarin huishoudens de renovaties die noodzakelijk zijn vanuit klimaatoogpunt 

kunnen financieren een belangrijke barrière zou kunnen vormen. Toch werd er tot nu toe geen 

enkel onderzoek uitgevoerd waarin deze barrière concreet gekwantificeerd werd voor België of 

een ander Europees land. In dit hoofdstuk wordt er daarom een empirische dataset aangewend 

in combinatie met een simulatiemodel om een dergelijke kwantificering uit te voeren voor 

Vlaanderen. De resultaten van deze analyse geven aan dat ongeveer de helft van de Vlaamse 

huishoudens de noodzakelijke renovatie niet kunnen financieren. Daarom is het enerzijds 

noodzakelijk dat beleidsmakers op de lange termijn de juiste maatregelen identificeren en 

inzetten om deze barrière aan te pakken. Anderzijds geeft dit onderzoeksresultaat ook aan dat 

de prioriteit op de kortere termijn erin bestaat om de huishoudens die wel over voldoende 

financieringscapaciteit beschikken om te renoveren maar toch beslissen om dat niet te doen zo 

snel mogelijk te ‘activeren’. 
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1 
Introduction 
 

 

 

 

 

 

 

Zero. This is how much the European electricity system and building stock can still emit on a 

net-basis in 29 years’ time – to put a halt to the continual increase in the global atmosphere’s 

concentration of greenhouse gases and thereby contain climate change to non-catastrophic 

levels. In addition to agriculture, industry and transport, the electricity and buildings sectors are 

two of the most important contributors to climate change. They are also inextricably linked, as 

buildings increasingly consume, produce, store and inject electricity onto the grid. Moreover, 

they are considered by some to be the ‘easy’ part of the overall climate challenge, as there are 

ample technologies available to realise decarbonisation. By contrast, many of the technologies 

required to decarbonise certain parts of the agricultural, industrial and transport sectors are still 

unavailable today (especially at scale). Still, calling the challenges faced in the buildings and 

electricity sectors ‘easy’ is a considerable misnomer. Their mutual and simultaneous 

decarbonisation forms an enormous challenge, for which a myriad of hurdles still need to be 

cleared before success can be claimed in the year 2050. 
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80-95% of the current Belgian building stock will still be in place in 2050, and will therefore 

need to be fully incorporated in the energy transition. To realise this, 75-95% of existing 

buildings will need to be heavily renovated – with a particular focus on residential buildings. 

Belgium’s five million homes represent the vast majority of the total building stock, and largely 

consist of architecturally unique single-family dwellings that are individually owned. Currently, 

the annual renovation rate is slightly shy of 1%, although the more important ‘deep renovation 

rate’ is closer to 0.2% [1]. In 2021, eyes still need to be squinted to notice the early beginnings 

of what is envisioned to become a completely transformed building stock in a couple of decades. 

Luckily, progress in the electricity sector has proven to be more attainable, and is expected to 

remain so in the future. The CO2-intensity of European electricity has already been cut in half 

compared to 1990, and the share of renewable electricity generation has increased to 38% [2]. 

In 2019, the combined share of wind and solar energy was higher than the share of coal for the 

first time – with 17% versus 16%, respectively [2]. The relative ease by which the share of 

renewable energy can be continued to increase in the coming decades motivates the far-reaching 

electrification of other sectors, as it provides an attractive and feasible decarbonisation pathway. 

Not only for the buildings sector, but also for the vast majority of road transport and parts of 

heavy industry. 

 

An era of accelerated policy initiatives 

The now-achieved 2020 climate and energy goals at the European level were succeeded by the 

new set of 2030 goals. By 2030, the EU wants to reduce its CO2eq emissions by 55% (compared 

to 1990), increase the share of renewable energy to at least 32%1 and improve energy efficiency 

by at least 32.5%2. In the previous years, this high-level framework has been accompanied by 

a number of parallel and interlinked policy initiatives with a variety of names. The first of these 

is the so-called European Green Deal, which is a broad set of policy initiatives by the European 

Commission with the overarching aim of making Europe climate neutral by 2050. It was 

initiated in December 2019, right before the start of the coronavirus pandemic. After nearly 

being derailed, the Green Deal was eventually integrated into the pandemic response in the 

form of Next Generation EU (NGEU). NGUE consists of a € 750 billion economic recovery 

package agreed by European leaders in July 2020, which initiated in practice in June 2021. 

One of the central pillars of the Green Deal is the Renovation Wave, which aims to trigger 

massive public and private building renovation in Europe to improve energy performance. It 

includes a revision of the Energy Performance of Buildings and Energy Efficiency directives 

                                                      
1 This share relates to the total energy sector, as opposed to the electricity sector alone. 
2 This goal is translated into a specific amount of primary and final energy use which are lower than a 

calculated projection of what these metrics would be in 2030 in a no-policy scenario. 
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(EPBD and EED), to realise – amongst other things – a doubling of the annual renovation rate 

by the year 2030. One of the crucial policy instruments that it will likely introduce is mandatory 

minimum energy performance standards (MMEPs), which will oblige existing homeowners 

and landlords to renovate their buildings – regardless of whether or not the buildings are being 

sold or let. Given the labour-intensive nature of the construction sector, which is largely 

dominated by local businesses, this envisioned increase in the renovation rate can also play a 

role in the European economic recovery. 

Within this context of ambitious 2030 targets and accelerated policy initiatives as part of the 

pandemic response, the fundamental questions of what exactly to do with the buildings stock 

and – once a vision is established – how to realise it in practice, still remain largely unresolved. 

The policies of the past, present and near future are largely based on rudimentary notions like 

the desire to make the entire building stock hyper efficient in terms of energy use and the idea 

that this can be realised by a number of simple interventions. For example, to simply provide 

more information to households, about the (financial) long-term benefits of renovation 

measures. Or to moderately improve the financial incentives to renovate, by implementing a 

plethora of subsidy mechanisms. However, if the policies of the future are to be a success, the 

two mentioned questions will need to be resolved in a deeper and more sophisticated manner. 

The remainder of this introduction is therefore structured around these two questions. As 

illustrated in the figure below, they can both be represented by a large and complex puzzle. 

Accordingly, the four papers contained in this PhD dissertation can be viewed as individual 

puzzle pieces that are contributed to help answer the overarching questions centred around what 

and how. Chapters 2 to 4 (i.e. papers 1 to 3) contribute primarily to the first question, while 

Chapter 5 (paper 4) contributes to the second. Instead of summarising these contributions, the 

following paragraphs shed a light on the overarching puzzles themselves. Although this 

naturally leads to a high-level explanation of the coming chapters, providing the necessary 

context is the primary purpose. 

 

What to do with the building stock  How to realise it in practice 

   

Introduction, part A 

Chapters 2 – 4 

 Introduction, part B 

Chapter 5 
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Part A: What to do with the building stock 

 

The goals menu 

Before it can be figured out what exactly to do with the building stock in the long term, a 

selection needs to be made of one or more of the potential goals that should be achieved. The 

menu of potential goals that can be chosen from offers a wide variety of options, but the typical 

favourites are to reduce the building stock’s primary energy demand and CO2 (equivalent) 

emissions. Other notable options include the improvement of (local) air quality, the 

improvement of (indoor and outdoor) living comfort, the reduction of energy poverty, the 

creation of maximum employment, optimal spatial planning, creating attractive (urban) 

environments or efficiently matching building and household sizes3. 

In the current policy framework, the most dominant goal is the reduction of primary energy 

demand. Regulatory targets like the requirement to reach a certain ‘energy performance label’ 

– as well as the subsidy mechanisms that are designed to help reach those targets – are heavily 

focussed on this goal. Measures like the installation of a heat pump or solar panels are then 

purely evaluated on the basis of how much of a reduction in primary energy demand they result 

in. A switch from one fossil fuelled technology to another (e.g. from an old fuel-oil heater to a 

condensing gas boiler) is then evaluated positively, as long as it serves the purpose of 

contributing towards a certain (arbitrary) primary energy reduction target. The aforementioned 

MMEPs that are likely to be rolled out as part of the European Green Deal’s Renovation Wave 

package will most likely focus on such targets, thereby continuing the decades-long policy 

tradition of focussing on primary energy demand. This tradition initiated from the EPBD’s 

original introduction in 2002, and will potentially remain in place for decades to come. 

By contrast, the policy objective that has received orders of magnitude less attention in the built 

environment, but is arguably more important than the reduction of primary energy demand, is 

the reduction of CO2 emissions. If the building code required large renovations and newly built 

projects to achieve certain levels of CO2 emissions instead of primary energy demand, many 

measures that are executed in practice may still be targeted towards the improvement of energy 

efficiency (e.g. improving insulation levels), but specific measures that have a particularly large 

impact on emissions would be valued differently. Most importantly, a switch to renewable 

heating using a heat pump would be recognised for the emissions reductions it achieved 

compared to switching between different fossil fuelled technologies. 

 

                                                      
3 I.e. minimizing the degree to which small families live in very large houses and vice versa. For 

example, when an older individual (or couple) keeps living in a large family house for several decades 

after children have moved out of the household. 
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How to best approach a goal? 

Once a goal like the reduction of the building stock’s primary energy demand or CO2 emissions 

is chosen (i.e. prioritized over other goals), the subsequent question that arises is how exactly 

to approach this goal. Multiple options exist here as well – and just like with the goals 

themselves, one of the options tends to heavily dominate the others. The dominant option is 

centred around cost efficiency and optimisation. When a certain primary energy or CO2 

reduction target is set, the question then becomes how to reduce the chosen parameter as much 

as possible (i.e. minimise it) at the lowest possible cost. Identifying the least-cost solution is 

possible for any of the aforementioned goals. For example, pathways can just as well be 

identified to ‘maximise comfort’ or ‘minimise air pollution’ at the lowest possible cost. The 

dominance of this approach is to some degree well-founded, as cost-efficiency can be viewed 

as a key success factor for the energy transition as a whole. 

Within the least-cost optimisation approach, there are clear constraints on the degree to which 

multiple goals can be combined within a single analysis. Not only are different goals subject to 

difficult trade-offs (as well as synergies), but the combination of many of them within a single 

optimisation model also becomes practically unmanageable (and the results uninterpretable) 

rather quickly. An important disadvantage is therefore that the (pragmatically necessary) focus 

on a single optimisation objective like minimising primary energy demand at the lowest cost 

can lead to tunnel-vision, instead of tackling the question of ‘what to do with the building stock’ 

more holistically. 

Some of the other potential approaches to deal with chosen goals are the following. A first 

alternative is to identify pathways that contain the most feasible and attractive business cases, 

given the current (or future) socio-political, regulatory and technoeconomic circumstances. A 

typical optimisation-focussed analysis may very well identify that it would be cost optimal to 

maximise the roll-out of renovation measures x, y and z, but there is often no guarantee that the 

right business cases exist (or are even feasible in theory) to actually realise the identified 

optimal solution. Given the frequent mismatch between theoretical cost-optimality and business 

cases in practice, analyses with a particular goal in mind typically need to choose between one 

approach or the other. 

Another alternative to optimising for cost-efficiency is to seek the most politically feasible 

solution. This can entail an avoidance of certain technologies that are unpopular or politically 

troublesome for one reason or another. Political feasibility can also constrain certain pathways 

because they would simply imply a pace of change that is deemed too fast for companies or 

households to be able to (comfortably) deal with. Other politically relevant elements are 

budgetary constraints or the impact on existing tax revenues, both of which can shape and 

constrain the potential solution space to achieve a particular goal. 
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Finally, a closely related alternative is to seek the solution that achieves the most desirable 

distribution of costs and benefits between different societal players. This can entail a 

distribution between households and companies in general, or within different socio-economic 

classes of households. Specific companies may also be dealt with in a particular fashion, for 

example because they belong to a sector of strategic importance. Costs and benefits may also 

need to be distributed geographically, as is for example the case when a large-scale coal phase-

out impacts part of a country particularly negatively in terms of employment. 

In the practice of academic research, the latter two approaches to deal with a particular 

(prioritized) goal are rarely considered explicitly. Anything remotely political in nature is 

usually avoided to uphold a character of scientific neutrality. At most, the politically divisive 

aspects of the solution space are translated into different scenarios. For example by including 

scenarios with and without the politically charged nuclear phaseout, in a study on the future of 

the Belgian electricity system. 

At the same time, plenty of political choices and assumptions can be implicitly contained within 

a ‘neutral’ modelling exercise that focusses on what to do with the building stock. For example, 

if energy inefficient buildings are thought to be overvalued and this dynamic is scientifically 

identified as a barrier to achieving the necessary renovation goals, the resulting policy 

recommendations are likely to imply a – politically sensitive – transfer of wealth from one part 

of the housing market to another. The same is true for any piece of research in which an increase 

in the price of energy – e.g. by sharply increasing the CO2 price –  is identified as a beneficial 

measure. Obviously, such research findings can have a significant political element to them, as 

they may imply a particularly large impact on certain socio-economic classes in society. Policy 

makers may very well be able to rectify such impacts with additional ‘compensating policies’, 

but the need to implement them – when policy recommendations are actually acted upon – can 

then itself me labelled as a political dimension to the research and its findings. 

The dominance of cost-efficiency and optimisation-based approaches can largely be explained 

by the fact that it is intrinsically valuable to focus research efforts in this direction. Assuming 

that newly built- and renovation activities will gather the necessary pace, billions of euros will 

be spent on the decarbonisation of the building sector alone. Allocating these resources 

efficiently is one of the main challenges embodied in the energy transition, and therefore worth 

a considerable amount of research attention. Given the diversity of possible approaches towards 

tackling a particular goal (as explained above), it is also clear that cost-efficiency and 

optimisation-based approaches can be partially motivated by the desire to minimise political 

dimensions when trying to answer the overarching question of what to do with the building 

stock. 

The fact that the dominant approach to tackling this question is focused on assisting policy 

makers by handing them over a set of ‘politically neutral’ research findings is ironic to a certain 
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degree, because those same policy makers typically do not integrate such findings as 

envisioned. To the author’s best knowledge, not a single policy maker is likely to request 

(explicitly) something along the lines of ‘the long term cost-optimal solution from a total system 

cost perspective under the assumptions of perfect foresight, competition and rational behaviour 

by all market participants’, and yet such analyses are ubiquitous in academia for understandable 

reasons. 

When approaching the question of what to do with the building stock, one thing should always 

be kept in mind regardless of which goals are prioritized and how the solution spaces to reach 

them are explored. Namely to remain aware of the goals and solution spaces that are not being 

actively considered, even though they may be equally valuable and important from a holistic 

point of view. Any analysis has its own weaknesses and blind spots. No matter from which 

angle a light is shed on the puzzle, it is never lit in its entirety. 

 

Levels of analysis 

The levels at which a goal and its solution space can be analysed are highly diverse. The 

dichotomy that is traditionally – but somewhat misleadingly – proposed is whether to perform 

the analysis at the ‘individual’ or the ‘societal’ level [3]. However, the question of what to do 

with the building stock lends itself to analyses at more than two levels. Not only can an 

individual single-family building be considered, but entire multi-family buildings (e.g. entire 

apartment buildings) can be considered in unison. One step further lies the possibility of 

analysing an entire neighbourhood – which has recently been popularised in the academic 

literature on ‘zero energy’ or ‘zero emissions’ neighbourhoods. Analysing an entire 

neighbourhood in unison opens up new perspectives in terms of the solution space as well as 

the costs and benefits of certain pathways to reach a goal. However, inevitably it also loses sight 

of the relevant behavioural and financial parameters of individual households – at least partially. 

Beyond the neighbourhood level, it is possible to lift an analysis up to the city-level. This is 

increasingly popular as well, as demonstrated by the Covenant of Mayors initiative (and the 

many associated academic publications), showcasing the desire of individual cities to be 

frontrunners in the energy transition and actually realise the high-level carbon-neutrality goals 

‘on the ground’. At the city-level, investments in technologies like (renewable) district heating 

grids can become endogenous to the analysis, together with the sources of (waste) heat to feed 

them. District heating as a technology can play a crucial role in the future building stock, and 

the city-level is ideal to assess its cost efficiency – given its highly context-specific and 

customised nature. At the same time, cities do not typically have a lot of agency over the large-

scale electricity system – making it (mostly) exogenous in terms of costs and characteristics 

(with respect to primary energy and CO2 emissions). 
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When truly considering the ‘societal level’, the remaining options are the sub-national, national 

and European levels. Each of these has its own strengths and weaknesses, and whatever may 

turn out to be cost-optimal at one level may not be so at the others. Given the fact that much of 

the political authority to implement the recommendations coming from academia lies at the 

national level, this level of analysis can seem to be the ‘most relevant’4. However, the 

combination of (a) the importance of electrification in the building energy transition and (b) the 

increasing interconnection and harmonisation of the European electricity market, results in the 

fact that European-level analyses are becoming more and more relevant over time – when 

tackling the question of what to do with the building stock. 

At the same time, European-level analyses may very well ignore all kinds of important 

considerations. For example, it may be cost-optimal from a European perspective to build the 

vast majority of solar panels in Southern countries and to invest in radically upgraded 

transmission capacities to transport that electricity to the North of Germany (which is currently 

home to a significant amount of solar panels), but such a theoretical optimum is likely to conflict 

with political realities. Here as well, politics and political constructs like the EU and the nation-

state inevitably interact with the question of what to do with the building stock. 

 

The national puzzle 

At first sight, figuring out the most cost-efficient way to transform a national building stock 

such that it reaches a primary energy or CO2 emissions target seems rather straight-forward. 

One can simply start by collecting some rudimentary data about buildings and their energy 

performance characteristics (e.g. their insulation levels and types of heating systems) and 

thereby generate a crude description of the existing building stock. This description can then be 

fed into an investment optimisation model, together with some cost-assumptions for various 

investment options (e.g. improving insulation levels and changing heating systems) and 

assumptions for the various energy prices (e.g. electricity, gas, biomass, etc.). What the model 

then comes up with, is the most cost-efficient way of reaching the envisioned primary energy 

or CO2 emissions target, usually applying a very long-term perspective. 

Such a rudimentary ‘national building stock optimisation model’ may seem attractive from a 

pragmatic point of view, but would fail to grasp even the tip of the iceberg in terms of how 

much more complex the actual puzzle is at this level of analysis. In the remainder of this sub-

section, the iceberg of complexity that is hidden from plain sight is briefly summarized – to 

further expand our view of how to figure out what to do with the building stock. 

                                                      
4 It should be noted however, that in many countries (including Belgium) many of the policies that can 

typically be associated with the national level are in fact the authority of sub-national (i.e. regional) 

policymakers. 
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The first and perhaps the most important ‘correction’ to be made to the rudimentary model 

explained above is to accurately estimate the energy consumption (and emissions) of buildings 

– both before and after certain renovation measures have taken place. Research in the previous 

decade has revealed that a large gap exists between what is theoretically predicted on this front 

versus what is actually observed. This has been called the ‘performance gap’, referring to the 

gap between theoretical and actual energy performance [4]. The main culprits that lie at the 

foundation of this gap are the incorrect modelling of buildings and of the behaviour of the 

households living within them [4]. One example of a typical mistake that is made in traditional 

energy performance calculations is to assume that all rooms are heated equally throughout the 

house – although in reality many households choose to heat bedrooms less and living rooms 

more. Such a modelling error can result in an overestimation of the cost-efficiency of roof 

insulation and an underestimation of the value of improving the performance of windows in the 

living room. 

Another factor feeding into the performance gap is the well-known rebound effect, whereby 

households consciously choose to change their behaviour and thereby improve their comfort 

(e.g. by increasing the setpoint temperature) after the energy performance of the building itself 

has been improved [4]. However, not every kind of renovation measure is equally susceptible 

to this effect. Typically, improving the insulation of a building or the efficiency of the heating 

system can result in a behavioural response that leads to rebound effects, whereas a measure 

like the installation of solar panels is not expected to trigger this kind of a behavioural response 

to the same degree. 

Next to taking into account the performance gap, the scope of the abovementioned ‘rudimentary 

model’ can also be expanded in a number of ways. First of all, to paint a more complete picture 

of the associated costs. When a certain pathway for the future building stock is proposed (e.g. 

including a large-scale roll-out of heat pumps or district heat), the associated costs in terms of 

both the supply of electricity and heat as well as their transport to the end consumer should 

ideally be taken into account. Otherwise, an analysis that tries to answer the question of what 

to do with a national building stock can immediately be invalidated, because it simply ignores 

billions of euros worth of costs that are triggered by the proposed building stock transformation. 

In terms of the impacts of a building stock scenario on the demand and supply of electricity 

(through the roll-out of solar panels and heat pumps), especially grids at the distribution level 

need to be carefully considered. Depending on the degree to which existing infrastructure is 

already saturated, certain building stock scenarios can trigger a need to invest billions of euros 

in additional distribution grid capacities. However, similar to taking into account the costs of 

district heating grids in a national-level analysis, taking the costs of electricity distribution into 

account can be incredibly challenging. First of all, it can be very difficult to express the costs 

of these grids in a generalised fashion – so they can be taken into account by a national building 
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stock optimisation model –, because of their highly case-specific and customised nature. 

Secondly, such endeavours can be easily derailed by fundamental data availability constraints. 

In many cases, even the distribution system operators themselves have a very limited picture of 

the saturation of their grid capacities or the costs associated with expanding their  grids in one 

direction or the other, let alone that academic researchers would have a clear picture on these 

kinds of crucial input data. 

If a ‘rudimentary model’ as explained at the beginning of this subsection would already be 

expanded to take into account the performance gap as well as the costs associated with the 

increasing demands in terms of generating and transporting electricity and district heat, the 

question of what to do with the building stock at the national level could already be answered 

to a somewhat satisfactory degree. However, this would still leave out several important 

elements that can further refine (or even fundamentally change) the answer to the proposed 

question. Some of the remaining elements that could be of major importance to consider are the 

embodied energy and emissions related to newly built and renovation projects (i.e. applying a 

life-cycle perspective), special planning (e.g. considering the need for densification to limit 

transport needs) and impacts on the housing market (i.e. to avoid undesirable housing market 

dynamics as a result of the envisioned plan for the national building stock). 

 

The individual households puzzle 

The question of what to do with the building stock can also be explored by focussing research 

attention on individual buildings. Such an approach has the potential to reveal important 

dynamics that would remain out of sight in national- or European-level analyses, given the 

necessity to make all kinds of simplifications in those cases. A typical analysis at the individual 

building level paints a high-resolution picture of one building – and potentially, also the 

household living within it – to figure out how to cost-efficiently achieve a primary energy or 

CO2 emissions reduction target. One way of doing this is to simulate a large variety of 

renovation scenarios5 and to calculate (for each scenario) both the primary energy or emissions 

on one hand and the costs on the other [5,6]. This results in a pareto-front that identifies the 

‘best possible’ scenario at every possible cost. 

 

Time horizons  

An important challenge in this kind of analysis is to determine the appropriate time horizon. 

One option in this regard is to take the longest-possible horizon and express every scenario in 

                                                      
5 Or, in the case of newly built projects, a large number of different possible configurations of the 

building that is yet to be built. 
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terms of its ‘life-cycle costs’ (LCC). This means that whatever changes are made to a building, 

its effects are evaluated on a timescale of several decades. In a sense, this kind of perspective 

identifies what the rational and optimal choices are (in terms of renovation measures) if the 

actual day-to-day thought process of human agents is completely disregarded. After all, it is 

difficult to find any actual households that will choose for one insulation measure over another 

because of a slightly higher net present value (NPV) over a 30, 40 or 50-year timeframe. An 

LCC analysis may still be valuable from a purely academic and theoretical perspective – to 

point towards the solutions that should in theory be striven towards – but it is more or less 

completely disconnected from the actual households that need to make the proposed investment 

decisions in practice. One way of bringing more realistic time horizons into an analysis at the 

individual building (and household) level, is to apply high discount rates. For example, a 

discount rate of 10% or more can be used to reflect the tendency of most households to have a 

limited time-horizon and a high degree of risk-aversion. 

 

Electricity tariffication 

Another challenge to deal with at the individual building level is the calculation of electricity 

costs for different renovation scenarios. Such a calculation is necessary to determine the total 

costs of a certain set of measures (e.g. over a 15 year period) and to be able to compare that cost 

with the different alternatives. Whereas analyses in the past simply used a single fixed price per 

kWh (for both consumption from and injection onto the electricity grid), this a quickly 

becoming less and less of an appropriate methodology [5,7].  

If a certain renovation scenario includes the installation of solar panels and a heat pump, 

accurately calculating the individual household’s electricity bill for a period of many years into 

the future is complicated by three factors. First of all, the energy-part of the electricity bill (i.e. 

the price paid for the electricity itself) is likely to transition from a static system with a fixed 

price per kWh to a dynamic system of real-time (hourly or even quarter-hourly) prices. This 

means that any renovation scenario in which a significant change is made to the production or 

consumption profile of a building would need to be accompanied by an assessment of how it 

changes the electricity bill in the face of dynamic real-time prices.  

Secondly, calculating the impact of solar panels on the electricity bill is becoming more 

complicated as well. Whereas in many European countries – including Belgium – the pre-

existing electricity bill could simply be subtracted with the product of the solar panel 

installation’s annual electricity production and the fixed electricity price per kWh (i.e. “net 

metering”), this method is becoming less and less appropriate as well. In modern tariffication 

systems, one needs to explicitly consider the amount of self-consumption (which reduces the 

amount of kWh withdrawn from the grid, potentially at a variable price) and injection 

separately. The price received for the amount of injected electricity may itself be subject to 
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dynamic real-time pricing, or be contracted at a (low) fixed price per kWh. These modern 

tariffication mechanisms increase the difficulty of accurately calculating the total long-term 

costs of any renovation scenario including an investment in solar panels. 

Thirdly, the distribution-grid component of the electricity bill is becoming modernised as well. 

Across Europe – and again, including in Belgium – a household’s use of the distribution grid is 

increasingly being charged on a ‘per kW’ basis instead of a ‘per kWh’ basis [8]. This more 

accurately reflects the cost-structure of grid investments, which are primarily driven by power 

capacities of feeders and transformers (in kW) rather than by the volumes of electricity flowing 

through them (in kWh). This change in the electricity tariffication methodology – sometimes 

called a ‘capacity tariff’ – is another factor that further complicates cost calculations for 

renovation scenarios. The costs associated with the installation of a heat pump can no longer 

simply be calculated by multiplying its expected annual electricity consumption with a fixed 

price per kWh, but instead needs to take into account the complex combination of dynamic real-

time prices for the electricity itself and the capacity tariff for the (increased) usage of the 

distribution grid. 

Due to the modernisation of electricity tariffication and its impact on various renovation and 

newly built scenarios at the individual building level, another factor that comes into play is the 

technical potential of smart home energy management systems. For example, in a renovation 

scenario including an investment in solar panels and a heat pump, such a system can reduce the 

associated electricity bills – potentially tipping the scales in terms of the scenario’s NPV with 

respect to alternative scenarios. The intelligent demand response made possible by such a 

system can take into account both real-time prices of electricity and the capacity tariff for usage 

of the distribution grid, and adapt the building’s electricity consumption profile accordingly (in 

a completely automated fashion) – to reduce the bill as much as possible. 

An entire subfield of academic research is dedicated to identifying the optimal tariffication 

mechanisms of the future [9]. In the long run, the tariffication mechanisms determining the 

electricity bill can therefore continue to change – further complicating the cost-calculations of 

certain renovation scenarios –, although the introduction of dynamic real-time prices and a 

capacity tariff are the most fundamental changes that will (at most) be finetuned to a certain 

degree. One economically efficient change that could be implemented in the (near) future, is 

for the capacity tariff to itself vary dynamically throughout time and location (instead of being 

fixed at a particular price per kW). Such variations would not reflect the fluctuating price of 

electricity itself, but rather the degree to which the distribution grid is congested at specific 

times and locations.  

Another potential future change to electricity tariffication – which is especially relevant for 

Belgium – is for policy makers to perform a tax-shift from the retail electricity bill to the retail 

gas and fuel oil bills. This change has received little attention in the ‘electricity tariffication’ 
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literature (given that it is a rather country-specific policy matter), but its impact on the cost-

efficiency of certain renovation scenarios could be very significant. More specifically, by 

reducing the price of electricity from the grid, it would reduce the attractiveness of installing 

solar panels while increasing the attractiveness of installing a heat pump. 

 

Renovation impacts on the value of a home 

A third and final challenge that is increasingly becoming part of the ‘puzzle’ at the individual 

building level, is taking into account the impacts of different potential renovation scenarios on 

a building’s value in the housing market. Part of the investment costs of a renovation scenario 

can – in theory – be ‘instantaneously’ earned back by a household, in the form of an increase 

in the building’s market value [10]. This stands in contrast to the traditional channels of 

recuperating a renovation investment through incremental savings on the energy bill, which 

take place over a very long period of time. Moreover, unlike energy bill savings, the 

recuperation of renovation investment costs through the improvement of a building’s market 

value is (by definition) immune to rebound effects. 

Home owners that want to renovate should however not assume that cost is always equal to 

value. Renovation investment costs are not necessarily translated into an equally higher market 

value. Many local circumstances co-determine the degree to which additional market value is 

created. For example, renovating a building that is located very badly is unlikely to significantly 

improve its market value. Likewise, the additional value created through an energy renovation 

can be expected to be much higher in areas with a very cold climate, as opposed to areas with 

a very mild climate – where energy performance is relatively less important to potential buyers. 

It is difficult to estimate the degree to which different renovation scenarios actually improve a 

building’s value. It is possible that the owner of a thoroughly renovated building may not be 

able to convey the full value of the renovation to potential buyers [10]. Although the owner that 

wants to sell the building is fully aware of benefits in terms of energy costs, comfort and indoor 

air-quality, buyers may not appropriately recognize these benefits and therefore undervalue the 

building as a whole. If this is the case, it can lead to a lower incentive to renovate in the first 

place, since homeowners are convinced that the information about the benefits will not be 

properly communicated to potential buyers.  

Estimates of the exact contribution of renovations towards home values are rather scarce and 

variable. A case study from Denmark found that three quarters of the renovation investment 

cost was recovered through an increase in market value [11]. Meanwhile, it the Belgian context 

it has been found that houses with a ‘B label’ are – on average – worth 11% more than those 

with an ‘E label’, and are sold 25% more quickly [12]. However, whether this correlation can 

be directly translated into a calculation of the impact of a renovation scenario on the value of a 
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house remains somewhat unclear. It is still possible that many potential homebuyers heavily 

discount energy cost savings that are expected to take place in the long term future [13], thereby 

limiting the degree to which a more energy efficiency buildings can be sold at a price premium. 

 

Does the NPV of renovation scenarios at the individual building level matter? 

When considering the question of what to do with the building stock at the individual building 

level, analyses typically focus on the purely financial side of renovation activities. Although 

several issues make it increasingly challenging to calculate something like an NPV for a variety 

of renovation scenarios – as explained in the three subsections above –, this is still the dominant 

lens through which the renovation challenge is examined today. However, it should not be 

ignored that financial incentives rarely constitute the actual motivation of households that 

renovate. Instead, the primary motivation is often to improve comfort or to adapt a building to 

specific needs and lifestyle expectations. Improvements in energy performance are frequently 

a by-product rather than a primary goal – which is also apparent considering the dominance of 

kitchen and bathroom renovations, as these do not have a payback period or attractive NPV at 

all. To some degree this is good news, as it indicates that it may be less crucial to ‘make the 

economics work’ than traditionally assumed – as long as the benefits of renovation scenarios 

can be maximally evaluated by households through the lens of comfort and other non-economic 

aspects. 

At the same time, the fact that comfort and other non-economic benefits are important does not 

imply that the search for optimal renovation scenarios should be terminated. Given the 

fundamental importance of realising the transformation of the building stock in a cost-efficient 

way, it remains crucial to scientifically explore the many different potential pathways towards 

realising the prioritized goals (e.g. reductions in primary energy demand or CO2 emissions). 

Not only at the individual building level, but also at the multiple ‘higher’ levels of analyses – 

all the way up to the European level. 

 

The role of conversion factors 

Whether tackling the question of ‘what to do with the building stock’ with an analysis at the 

individual building, neighbourhood, city, regional, national or European level, a crucial set of 

parameters that is almost guaranteed to always be part of the assessment are conversion factors. 

More specifically, the factors that convert an amount of consumed electricity into an amount of 

primary energy demand or CO2 emissions, which are respectively called ‘primary energy 

factors’ (PEFs) and ‘CO2-intensities’ (CIs). Both reflect the way in which electricity is being 

produced, and play a crucial role in determining the merits of different technologies and 

renovation strategies. 
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At the individual building level, a typical use case for a conversion factor like a CI is to help 

calculate the emissions reductions achieved by the renovation scenarios including the 

installation of heat pumps and solar panels. Not only can the electricity consumption and 

production of the heat pump and solar panels be translated directly into an amount of CO2 

emissions, but the indirect effect of varying degrees of thermal insulation is also assessed using 

a CI. After all, changing the amount of thermal insulation impacts the amount of electricity 

consumed by a heat pump6. 

Similarly, PEFs and CIs play a crucial role whenever building stock transformation strategies 

are developed and compared with each other at the neighbourhood and city levels. Pathways 

towards the realisation of ‘zero energy’ and ‘zero emission’ neighbourhoods are to a large 

degree dependent on the conversion factors associated with the large-scale electricity system, 

which (in any case) will be continued to be relied upon. The same is true for ambitious cities 

that want to reach ‘climate neutrality’ by a certain point in time (e.g. 2040). 

Conversion factors are even widely used in analyses at the regional and national levels. At these 

levels, a question arises about the endogenous impact of a building stock transformation 

strategy on the electricity mix itself. For example, a large-scale roll-out of heat pumps can create 

such a large additional load that PEFs and CIs themselves are affected. Still, pragmatically 

speaking a research focus on other aspects than this endogenous effect often results in 

conversion factors still being used at this level of analysis (cf. infra). 

The actual values that are used for PEFs and CIs can have a significant impact on the relative 

merits of different technologies in the buildings sector. One technology may appear more 

attractive in terms of primary energy demand or CO2 emissions than another, depending on the 

value. For example, heating technologies that consume a combustible fuel as opposed to 

electricity may appear relatively more attractive if a high PEF or CI value is used. Electric 

heating technologies are then ‘penalised’ by multiplying their electricity consumption with a 

high value. For example, the electricity consumption of a heat pump can be multiplied by a PEF 

of 2.5, making this technology relatively unattractive compared to a traditional gas boiler. 

Another reason why conversion factors – especially CIs – are becoming increasingly important 

is the fact that companies around Europe (and the world) are increasingly interested in 

calculating and publishing their societal impacts. Carbon accounting, as it is called in the case 

of CO2 emissions, is necessary for companies to track whether or not they are reaching their 

goals in terms of reducing their impact on climate change. In recent years, a number of new 

                                                      
6 It can also change the amount of electricity injected onto the grid by solar panels, given the fact that 

thermal insulation levels codetermine cooling needs during the summer – hence affecting the degree of 

solar self-consumption during hot and sunny days. By changing the amount of electricity injected onto 

the grid, the amount of CO2 emissions associated with the renovation scenario in question is affected as 

well. 
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companies have been founded to provide conversion factor values and related services to 

perform carbon accounting. One such company is Tomorrow7, which calculates CIs for many 

countries around the world on the basis of real-time electricity data. Not only static calculations 

of the CO2 emissions associated with a given amount of electricity consumption can be 

performed by using CIs, but innovative business operations can even be developed to 

dynamically reduce a company’s emissions. For example, Google is planning to actively shift 

computational loads between different datacentres around the world (on an hour by hour basis), 

to better match its electricity consumption profile with the availability of low-carbon energy in 

different countries8. 

Given their utility and importance, it speaks for itself that conversion factor values should be 

carefully considered. In this context, two important problems are front and centre – each 

motivating one of the papers included in this PhD dissertation (chapters 2 and 3). 

The first problem is the fact that the way in which PEFs and CIs are used across the recent 

literature – including but not limited to the literature on ‘what to do with the building stock’ – 

is highly problematic in a number of ways. Many aspects need to be carefully considered when 

these conversion factors are calculated and used. Examples of the aspects are the temporal 

resolution, whether or not the future evolution of the electricity mix is taken into account, 

whether or not international flows of electricity are considered, and whether average or 

marginal conversion factors are used. In paper 1 (chapter 2), the way in which the recent 

literature deals with these aspects is thoroughly examined in detail, by performing a 

dedicated literature review of 110 studies that calculate or make use of PEFs and CIs. 

The second and interconnected problem is the fact that – to a very significant degree – 

conversion factor values for European countries are simply unavailable to academic 

researchers. More specifically, what is unavailable are values that are up-to-date, calculated in 

a transparent way and using state-of-the-art methods, covering multiple temporal resolutions, 

taking into account international electricity flows and covering both average and marginal 

perspectives. In paper 2 (chapter 3), a state-of-the-art European electricity system model 

is used to create a publicly available database of conversion factor values that meets all of 

these requirements9. Moreover, this paper also analyses the generated database itself, to reveal 

scientifically and societally relevant dynamics with respect to future conversion factors across 

the European electricity system. 

 

                                                      
7 https://www.electricitymap.org/map  
8 https://www.google.com/about/datacenters/renewable 
9 As a nuance, one element that this model lacks is flow-based market coupling – all other aspects are 

in line with the state-of-the-art. 
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Escaping the predicament of marginal diminishing returns 

PEFs and CIs can be used to calculate the marginal abatement costs (MACs) of renovation 

measures. For a specific renovation measure – or for an entire package of combined renovation 

measures that are implemented simultaneously –, a MAC indicates how expensive it is per unit 

of primary energy or CO2 emissions that can be abated. This enables a comparison of different 

renovation alternatives, in order to be able to select the most cost-efficient ones. 

MACs can be an attractive tool for academic researchers and policy makers, but should not be 

treated as a holy grail because they do have a number of weaknesses. First of all, MACs are 

highly dependent on the original situation (e.g. with respect to a building’s original state). For 

example, a CO2 MAC of a renovation measure like installing triple glazing is heavily dependent 

on the thermal insulation performance of the rest of the building, as well as its heating system. 

Secondly, MACs can create somewhat of a tunnel vision, given the fact that they focus on a 

single parameter that is being abated (like primary energy or CO2 emissions). A particular 

renovation measure like installing a biomass heating system may have an attractive CO2 MAC, 

but this would not shed any light on its consequences in terms of local air pollution. Finally, 

MACs can fail to take all kinds of interdependencies and synergies between different renovation 

measures into account, especially if MACs are calculated for individual measures. The example 

of installing triple glazing is relevant here as well. Not only is the CO2 MAC of such a measure 

dependent on the original state of the building in question, but it is also dependent on the other 

renovation measures that it is being combined with. 

The most important contribution of MACs – regardless of their mentioned weaknesses – is the 

fact that they make one thing clear, namely that the renovation of the building stock is subject 

to diminishing marginal returns. As more and more renovation measures are completed (albeit 

at the individual building level, or any other level), the MACs of the remaining available 

measures sharply increase. This means that as the building stock is made more energy efficient 

(i.e. as its primary energy demand is reduced) and as it is being decarbonised, the financial 

attractiveness of the subsequent steps towards to the ultimate goal incrementally decreases. 

This implies that there will be a significant downward pressure on the renovation rate 

throughout the coming decades, even though policy makers envision a rapidly accelerating 

renovation rate to realise the total transformation of the building stock. Some of the 

aforementioned policy measures like MMEPSs – which are intended to accelerate the 

renovation rate – may increase the number of renovations in the short term, but are likely to 

contribute towards the predicament of diminishing returns in the long run and thereby decrease 

the renovation rate. After all, they are mandatory minimum energy performance standards, 

which many homeowners may respond to by doing only the minimal renovation interventions 

that are necessary to satisfy them. The potential renovation measures that are left after these 

mandatory interventions have taken place will be even more financially unattractive than the 
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ones that came before them – even though they may still be necessary to actually reach the 

long-term primary energy and CO2 emissions reduction targets. 

To ‘escape’ the predicament of diminishing marginal diminishing returns, out of the box 

measures need to be considered. Namely, measures that realise (further) reductions in primary 

energy demand and CO2 emissions in a completely different way compare to traditional 

measures like improving thermal insulation levels. Therefore, paper 3 (chapter 4) explores 

the possibility of using home batteries to purely focus on maximally reducing the primary 

energy demand and CO2 emissions of residential buildings. This paper makes use of the 

PEFs and CIs calculated in paper 2 to inform the home battery about the near-term (24h) 

evolution of these parameters and have it optimise the grid electricity consumption (and 

injection) profile of the considered buildings accordingly. Exploring these kinds of 

unconventional measures is not only necessary to (attempt to) resolve the problem of 

diminishing returns, but also because the challenge of figuring out ‘what to do with the building 

stock’ is simply so immense that we do not have the luxury of ignoring any potential pathways. 

 

Part B: How to realise it in practice 

 

As indicated by the figure at the start of this introduction, the second major question that needs 

to be tackled in order to realise the desired transformation of the building stock is ‘how to realise 

it in practice’. Figuring out the answer to this question forms an entire puzzle of its own, to 

which this PhD dissertation also intends to contribute one of the puzzle pieces. One way of 

conceptualising the overarching puzzle is to consider the various barriers that can play a role 

in preventing the envisioned building stock transformation from coming to fruition [10]. In the 

following sub-sections, these barriers are explored to contextualise the contribution of the final 

paper (chapter 5). 

 

Information problems 

One of the barriers that has been most heavily focussed on in both research and policymaking 

over the previous decade is the notion that homeowners are insufficiently informed in order to 

make the necessary decisions on renovation investments. Information may not be sufficiently 

available, or the information that is available may not be sufficiently accurate. Moreover, if 

homeowners want to inform themselves about renovation investments, they may have to incur 

a significant cost. For example, they may have to pay a specialized firm for a detailed energy 

audit or renovation plan. After all, thoroughly renovating a home can be a complex task that 

requires a high degree of specialized knowledge. 
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Policymakers can play a role in making accurate information more available to homeowners 

and reducing the cost of acquiring that information. Typical measures to achieve this are media 

campaigns aimed at informing the public about the benefits of renovation and setting up 

websites and other sources of neutral and accurate information. Other policy initiatives that can 

be categorized as ways of trying to address the information barrier are energy performance 

certificates (EPCs), building passports, building renovation roadmaps and even digital meters. 

EPCs were originally introduced by the EPBD (more than a decade ago) and have since been 

implemented into (sub-)national regulations across Europe. They are meant to inform potential 

buyers and tenants of a building about its energy performance. Since their implementation, 

governments have shown little interest in critically evaluating their effectiveness, but they have 

received plenty of attention in academic research. A general finding is that many homeowners 

do not follow the advice provided by EPCs, in terms of what renovations measures should be 

taken to improve the building [14–16]. Moreover, several studies have found that EPCs are 

often found too difficult to understand, and are frequently misinterpreted [17,18] – or seen as a 

boring, generic and useless bureaucratic document [14,19]. Interestingly, many homeowners 

do not even bother to read the document, or it may simply get lost in between all the other 

administrative documents that are dealt with when a building is bought. 

Another issue with EPCs is that homeowners do not always trust the information provided by 

EPCs, partly because they do not believe that the included renovation suggestions truly have 

their own best interests in mind [17,19]. Some homeowners believe that the suggestions are 

simply made to reach the goals set by a public policy maker, without truly being beneficial to 

the homeowners themselves. The fact that an EPC is simply handed over to the buyer of a 

building – without any personal contact with the energy expert that made the EPC – can 

potentially contribute to this belief. 

 

Coordination problems 

Several other barriers can together be categorised under the banner of ‘coordination problems’, 

which can range from the individual homeowner level up to the national and even European 

levels. At the level of an individual homeowner, a typical manifestation of a coordination 

problem is the fact that renovations (especially deep retrofits) can require a significant amount 

of sophisticated planning and coordination of different actors that are involved in the project 

(e.g. architects, various sorts of contractors, etc.). Another phenomenon that can be viewed as 

a coordination problem is the landlord-tenant dilemma, whereby these two actors fail to 

coordinate on the execution of a renovation because the investment costs are typically paid by 

the landlord while the benefits in terms of a lower energy bill are typically captured by the 

tenant. At the street and neighbourhood level, failing to capture the cost reductions that could 
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be enabled by simultaneously renovating a number of buildings that are in the vicinity of each 

other can also be seen as a coordination problem. 

At the national level, phenomena like a high degree of homeownership and a large share of 

single-family buildings (as opposed to multi-family buildings) can be identified as laying at the 

foundation of a large-scale coordination problem. Belgium scores highly in terms of both of 

these metrics, with 71% of the population owning the home that they live in, and 78% of all 

dwellings consisting of single-family buildings [20]. Due to these societal characteristics, 

millions of individual actors need to be ‘coordinated’ to implement the required renovation 

investments on their own – which is a problem that exists to a much lesser degree in countries 

with a lower degree of homeownership and a higher degree of cooperative housing 

arrangements. In such countries, a much smaller group of ‘professional’ parties that (to a larger 

extent) have the necessary expertise to realise the necessary investments need to be coordinated. 

 

Economic unattractiveness of renovation investments 

The standard economic perspective on renovation investments is that they are motivated by 

financial gains in a purely rational way. Consumers are seen as utility-maximizing investors 

that renovate their home as soon as there is a financial opportunity in doing so. Given the fact 

that renovation investments are conventionally assumed to be financially attractive (paying for 

themselves through energy cost savings), the low renovation rate is then explained by 

emphasizing the importance of other barriers like the ones explained in the previous 

subsections. In the broader energy efficiency literature – which does not only consider the lack 

of energy renovations taking place, but also the limited interest in energy efficient household 

appliances like washing machines and televisions – the apparent conflict with the notion of 

households as rational economic agents has been labelled as the ‘energy paradox’ as early as 

1983 [21], and as ‘the energy efficiency gap’ in 1994 [22]. 

However, the assumption of economic attractiveness may itself be largely flawed for two 

reasons. First of all, the total costs related to renovation investments may be heavily 

underestimated [23–25]. The main reason for this is the fact that the cost of improving energy 

performance is often calculated from a very narrow perspective. Many investment analyses take 

for granted that a large-scale renovation needs to occur ‘anyway’ and therefore do not take into 

account all the costs related to the structural works. They ignore all the ‘anyway costs’ like 

having to replace windows, floors or the roof. Some authors also point towards other hidden 

costs, like the costs related to acquiring the necessary information and to plan and evaluate the 

renovation works [26–28]. 

The second reason why the economic attractiveness of renovation investments may be heavily 

overestimated, is the incorrect calculation of the energy use before and after the renovation, 
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which relates to the already explained ‘performance gap’ and the associated rebound effect. The 

rebound effect in itself does not necessarily have to be a ‘bad’ phenomenon, since a higher 

comfort level may be acquired by the homeowners, but it can certainly lead to an inaccurate 

economic evaluation of renovation investments.  

Similar to the information barrier, improving the economic attractiveness of renovation 

investments has been one of the core principles of policy efforts in the previous decade, and 

this appears likely to remain the case in the (near-term) future. One of the most frequently 

exploited policy tools in this context has been the implementation of a plethora of subsidy 

mechanisms. However, subsidies should be carefully scrutinised, as they typically end up 

benefitting those who can already afford to invest in renovation measures. This does not only 

imply that subsidies may have a poor track record in terms of additionality (i.e. to which degree 

do they trigger investments that would not have taken place otherwise), but also that they are 

likely to worsen the existing societal inequities in terms of financial wealth.  

In addition to subsidies, another traditional recipe to improve the economic attractiveness of 

renovation investments is to increase energy prices (e.g. by increasing taxes on particular fuels 

or by implementing a CO2 price in one form or another). Crucially, such an approach assumes 

that consumers respond rationally to price signals. If this assumption turns out to be mostly 

false, the pursued increase in the renovation rate may not materialize in practice. Moreover, the 

price elasticity of energy demand needs to be taken into account. Even if consumers are rational 

in terms of responding to price signals, they may still be largely insensitive to increasing energy 

costs because of certain factors limiting the flexibility of their energy demand [29,30]. 

 

The financial barrier 

Theoretically, renovation investments can always be realised as long as the reduction in energy 

costs is sufficiently large to recover the up-front cost within a reasonable timeframe. A low 

monthly income is not necessarily a barrier from that perspective, since there is no additional 

cost in the long run. However, a frequently identified barrier is the fact that many homeowners 

potentially face significant constraints when it comes to financing renovation investments 

[11,26,31–37]. Most private households have to loan money in order to pay up-front investment 

costs, and unlike professional investors they usually only have access to relatively expensive 

loans. Many homeowners may be fully aware of investment opportunities and be willing to 

renovate, but can simply not acquire the necessary capital to do so. This issue is expected to be 

especially relevant in the case of younger households, which face significantly bigger financing 

constraints than homeowners in the highest age categories [31]. 

However, the key observation with respect to the aforementioned literature in which the 

financial barrier to renovation is conceptualised as a potential culprit, is that none of the 
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referenced studies quantify the barrier to assess its actual importance and severity in practice. 

If the question of ‘how to bring the envisioned building stock transformation into practice’ is 

to be answered, identifying the severity of the financial barrier is of crucial importance. 

Therefore, the fourth and final paper of this manuscript (chapter 5) performs a first-of-

its kinds quantification of the financial barrier in the context of the Belgian region of 

Flanders.  

 

 

References 

[1] European Commission, Comprehensive study of building energy renovation activities 

and the uptake of nearly zero-energy buildings in the EU, 2019. 

https://ec.europa.eu/energy/sites/ener/files/documents/1.final_report.pdf. 

[2] Agora Energiewende, EMBER, The European Power Sector in 2020, 2020. 

https://ember-climate.org/wp-content/uploads/2021/01/Report-European-Power-Sector-

in-2020.pdf. 

[3] S. Hamels, Cost-efficient transformation of the residential buildings sector The trade-

off between energy efficiency and renewable energy, 2019. 

[4] M. Delghust, Verbeterde voorspellingen van het energiegebruik voor 

ruimteverwarming in woningen : onderzoek op basis van velddata en vereenvoudigde 

modellen, 2015. 

[5] J. Van der Veken, J. Creylman, T. Lenaerts, Studie naar kostenoptimale niveaus van de 

minimumeisen inzake energieprestaties van gerenoveerde bestaande residentiële 

gebouwen, 2015. 

[6] J. Van der Veken, J. Creylman, T. Lenaerts, Studie naar kostenoptimale niveaus van de 

minimumeisen inzake energieprestaties van nieuwe residentiële gebouwen, 2015. 

[7] J. Van der Veken, J. Creylman, T. Lenaerts, Studie naar kostenoptimale niveaus van de 

minimumeisen inzake energieprestaties van gerenoveerde bestaande residentiële 

gebouwen, 2013. https://www.energiesparen.be/epb-pedia/beleid/studies. 

[8] Council of European Energy Regulators (CEER), CEER Paper on Electricity 

Distribution Tariffs Supporting the Energy Transition, 2020. 

https://www.ceer.eu/documents/104400/-/-/fd5890e1-894e-0a7a-21d9-fa22b6ec9da0. 

[9] L. Meeus, N. Govaerts, T. Schittekatte, Cost-reflective network tariffs: experiences 

with forward looking cost models to design electricity distribution charges, 2020. 

https://fsr.eui.eu/publications/?handle=1814/67674. 

[10] S. Hamels, Barriers and motivators driving the renovation of the residential building 

stock, 2019. http://new.nepbc.be/results/. 

[11] P. Tuominen, K. Klobut, A. Tolman, A. Adjei, M. De Best-Waldhober, Energy savings 

potential in buildings and overcoming market barriers in member states of the 

European Union, Energy Build. 51 (2012) 48–55. 



23 
 

https://doi.org/10.1016/j.enbuild.2012.04.015. 

[12] S. Damen, Het effect van het EPC en energetische kenmerken op de verkoopprijs van 

woningen in Vlaanderen, 2019. 

https://www.energiesparen.be/sites/default/files/atoms/files/Onderzoek KUL - Het 

effect van het EPC en energetische kenmerken op de verkoopprijs van woningen in 

Vlaanderen.pdf. 

[13] H. Wu, R.H. Crawford, G. Warren-Myers, M. Dave, M. Noguchi, The economic value 

of low-energy housing, Pacific Rim Prop. Res. J. 22 (2016) 45–58. 

https://doi.org/10.1080/14445921.2016.1161869. 

[14] F. Bartiaux, K. Gram-Hanssen, P. Fonseca, L. Ozoliņa, T.H. Christensen, A practice-

theory approach to homeowners’ energy retrofits in four European areas, Build. Res. 

Inf. 42 (2014) 525–538. https://doi.org/10.1080/09613218.2014.900253. 

[15] L. Murphy, The influence of the Energy Performance Certificate: The Dutch case, 

Energy Policy. 67 (2014) 664–672. https://doi.org/10.1016/j.enpol.2013.11.054. 

[16] T.H. Christensen, K. Gram-Hanssen, M. De Best-Waldhober, A. Adjei, Energy retrofits 

of Danish homes: Is the Energy Performance Certificate useful?, Build. Res. Inf. 42 

(2014) 489–500. https://doi.org/10.1080/09613218.2014.908265. 

[17] K. Gram-Hanssen, F. Bartiaux, O. Michael Jensen, M. Cantaert, Do homeowners use 

energy labels? A comparison between Denmark and Belgium, Energy Policy. 35 

(2007) 2879–2888. https://doi.org/10.1016/j.enpol.2006.10.017. 

[18] K. Gram-Hanssen, Existing buildings - Users, renovations and energy policy, Renew. 

Energy. 61 (2014) 136–140. https://doi.org/10.1016/j.renene.2013.05.004. 

[19] C. Watts, M.F. Jentsch, P.A. James, Evaluation of domestic Energy Performance 

Certificates in use, Build. Serv. Eng. Res. Technol. 32 (2011) 361–376. 

https://doi.org/10.1177/0143624411404486. 

[20] Eurostat, EU-SILC - Distribution of population by tenure status, type of household and 

income group, (2021). http://ec.europa.eu/eurostat/en/web/products-datasets/-

/ILC_LVHO02. 

[21] R.W. Gates, Investing in energy conservation: Are homeowners passing up high 

yields?, Energy Policy. 11 (1983) 63–71. https://doi.org/10.1016/0301-4215(83)90007-

1. 

[22] A.B. Jaffe, R.N. Stavins, The energy-efficiency gap What does it mean?, Energy 

Policy. 22 (1994) 804–810. https://doi.org/10.1016/0301-4215(94)90138-4. 

[23] R. Galvin, Why German homeowners are reluctant to retrofit, Build. Res. Inf. 42 

(2014) 398–408. https://doi.org/10.1080/09613218.2014.882738. 

[24] S. Zundel, I. Stieß, Beyond Profitability of Energy-Saving Measures-Attitudes Towards 

Energy Saving, J. Consum. Policy. 34 (2011) 91–105. https://doi.org/10.1007/s10603-

011-9156-7. 

[25] Planbureau voor de Leefomgeving, Potentieel en kosten klimaatneutrale gebouwde 

omgeving in de gemeente Utrecht, UTRECHT, 2018. 

[26] S. Sorrell, E. O’Malley, J. Schleich, S. Scott, The Economics of Energy Efficiency: 

Barriers to cost-effective Investment., 2004. 



24 
 

[27] D.E. Yeatts, D. Auden, C. Cooksey, C.F. Chen, A systematic review of strategies for 

overcoming the barriers to energy-efficient technologies in buildings, Energy Res. Soc. 

Sci. 32 (2017) 76–85. https://doi.org/10.1016/j.erss.2017.03.010. 

[28] C. Wilson, L. Crane, G. Chryssochoidis, Why do homeowners renovate energy 

efficiently? Contrasting perspectives and implications for policy, Energy Res. Soc. Sci. 

7 (2015) 12–22. https://doi.org/10.1016/j.erss.2015.03.002. 

[29] G. Nair, L. Gustavsson, K. Mahapatra, Owners perception on the adoption of building 

envelope energy efficiency measures in Swedish detached houses, Appl. Energy. 87 

(2010) 2411–2419. https://doi.org/10.1016/j.apenergy.2010.02.004. 

[30] C. Marmolejo-Duarte, M. Bravi, Does the Energy Label (EL) Matter in the Residential 

Market? A Stated Preference Analysis in Barcelona, Buildings. 7 (2017) 53. 

https://doi.org/10.3390/buildings7020053. 

[31] M.G. Bjørneboe, S. Svendsen, A. Heller, Initiatives for the energy renovation of single-

family houses in Denmark evaluated on the basis of barriers and motivators, Energy 

Build. 167 (2018) 347–358. https://doi.org/10.1016/j.enbuild.2017.11.065. 

[32] C. Baek, S. Park, Policy measures to overcome barriers to energy renovation of 

existing buildings, Renew. Sustain. Energy Rev. 16 (2012) 3939–3947. 

https://doi.org/10.1016/j.rser.2012.03.046. 

[33] I. Stieß, E. Dunkelberg, Objectives, barriers and occasions for energy efficient 

refurbishment by private homeowners, J. Clean. Prod. 48 (2013) 250–259. 

https://doi.org/10.1016/j.jclepro.2012.09.041. 

[34] M. Jakob, The drivers of and barriers to energy efficiency in renovation decisions of 

single-family home-owners, 2007. https://doi.org/10.1007/s10340-017-0863-y. 

[35] L. Murphy, The policy instruments of European front-runners: Effective for saving 

energy in existing dwellings?, Energy Effic. 7 (2014) 285–301. 

https://doi.org/10.1007/s12053-013-9224-8. 

[36] T. Fawcett, G. Killip, Anatomy of low carbon retrofits: Evidence from owner-occupied 

Superhomes, Build. Res. Inf. 42 (2014) 434–445. 

https://doi.org/10.1080/09613218.2014.893162. 

[37] J. Curtin, C. McInerney, B. Ó Gallachóir, Financial incentives to mobilise local citizens 

as investors in low-carbon technologies: A systematic literature review, Renew. 

Sustain. Energy Rev. 75 (2017) 534–547. https://doi.org/10.1016/j.rser.2016.11.020. 

  



25 
 

2 
The use of primary energy factors and 

CO2 intensities for electricity in the 

European context  -  a systematic 

methodological review and critical 

evaluation of the contemporary 

literature 
 

 

 

 

Co-authored with Eline Himpe, Jelle Laverge, Marc Delghust, Kjartan Van den Brande,  

Arnold Janssens and Johan Albrecht 

 

Published in Renewable and Sustainable Energy Reviews 

https://doi.org/10.1016/j.rser.2021.111182  

https://doi.org/10.1016/j.rser.2021.111182


26 
 

Abstract 

Reaching the European Union’s 2030 targets for primary energy use (PE) and CO2 emissions 

(CE) requires an accurate assessment of how different technologies perform on these two fronts. 

To calculate the PE and CE associated with the consumption of electricity (e.g. by an electric 

vehicle or a heat pump) conversion factors (CFs) are required, namely a primary energy factor 

and a CO2 intensity factor. Previous theoretical work has shown that the calculation and use of 

CFs is a contentious and multifaceted issue, but a review of the actual practice in academic 

literature has so far been missing. 110 recent studies have been systematically reviewed across 

six methodological aspects, to find that 75% of the studies consider only a single country, 79% 

apply a purely retrospective perspective, 66% apply a yearly temporal resolution, 75% apply a 

purely operational (instead of a life-cycle) perspective, 85% make use of average (rather than 

marginal) CFs, and 77% ignore electricity imports from surrounding countries. Future research 

in which CFs are used should more carefully consider each of these methodological aspects and 

explicitly justify the choices that are being made on this front. There is also a strong need in the 

literature for a publicly available and methodologically transparent database of up-to-date CFs, 

which would not only enable more accurate and transparent PE and CE calculations, but also 

support the further development of building energy performance assessment methods and smart 

grid algorithms. 

 

Highlights 

▪ Primary energy factors and CO2 intensities are crucial but contentious parameters 

▪ The calculation and use of these ‘conversion factors’ is systematically reviewed 

▪ Across 110 recent studies, six methodological aspects are assessed 

▪ Methodological shortcomings and other overarching challenges are identified 

▪ A publicly available database of conversion factors would benefit future research 

 

Keywords 

Conversion factor, primary energy factor, CO2 intensity, primary energy, emissions, electricity, 

heat pump, electric vehicle, building energy performance, Europe 
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Nomenclature 

BEP Building energy performance 

CE CO2 emissions expressed in 

(kilo)grams 

(e.g. associated with the use of a 

particular appliance, building  or 

EV) 

CEN European Committee for 

Standardization 

CF Conversion factor (i.e. PEF or CI) 

CHP Combined heat and power (plant) 

CI CO2 intensity of electricity, 

expressed in g/kWhE 

CIT CO2 intensity for a specific 

electricity generation technology, 

expressed in g/kWhE 

DHN District heating network 

EEA European Environmental Agency 

EED Energy Efficiency Directive (of 

the European Union) 

EIA Energy Information 

Administration (of the United 

States) 

ELCD European Reference Life Cycle 

Database 

ENTSO-

E 

European Network of 

Transmission System Operators 

for Electricity 

EPBD Energy performance of buildings 

Directive (of the European Union) 

EU European Union 

GCB Gas condensing boiler 

GEMIS Global Emissions Model for 

Integrated Systems 

GHG Greenhouse gas 

GS Geographical scope 

HP Heat pump 

IEA International Energy Agency 

IPCC Intergovernmental Panel on 

Climate Change established by the 

UNFCCC 

kWhE Kilowatt hour of electricity 

kWhF Kilowatt hour of fuel as measured 

by the primary energy stored in its 

chemical bonds 

kWhP Kilowatt hour of primary energy  

LCA Life-cycle analysis 

LCP Life-cycle perspective 

MILP Mixed integer linear programming 

MPC Model predictive control 

NZEB Nearly-zero energy building 

OP Operational perspective 

PE Primary energy (use) expressed in 

kWhP 

(e.g. associated with a particular 

appliance, building or EV) 

PEF Primary energy factor for 

electricity, expressed in 

kWhP/kWhE  

PEFF Primary energy factor for a 

specific fuel, expressed in 

kWhP/kWhF 

PEFT Primary energy factor for a 

specific electricity generation 

technology, expressed in 

kWhP/kWhE 

PPA Power purchasing agreement 

PV (Solar) photovoltaics 

PVT Photovoltaic thermal 

Ref Reference 

SGA Smart grid algorithm 

TES Thermal energy storage 

TR Temporal resolution 

TS Temporal scope 

TSO Transmission system operator 

UCED Unit commitment economic 

dispatch (model) 

UNFCCC United Nations Framework 

Convention on Climate Change 

VRES Variable renewable energy sources 

(wind and solar energy) 
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1. Introduction 

 

The European Union (EU) strives for sharp reductions in both its primary energy use (PE) and 

CO2 emissions (CE), as formalised in the flagship 2030 policy targets and the associated 

legislation – including the Energy Performance of Buildings Directive (EPBD) and the Energy 

Efficiency Directive (EED)[1,2]. Electricity use already represents a major component of the 

EU’s PE and CE today, and its importance is increasing due to the ongoing electrification of 

heating and transport services [3]. Together with the continuing increase in renewable 

electricity generation, this electrification is an essential element of the energy transition, which 

calls for an accurate evaluation of electricity consuming technologies. For example, it is 

important to correctly calculate the CE associated with the electricity consumption of a heat 

pump (HP) or electric vehicle (EV). However, such a calculation requires an estimate of the 

CO2 intensity (CI) of the electricity used, expressed in gCO2/kWhE. Similarly, a primary energy 

factor (PEF), expressed in kWhP/kWhE, is required to assess the associated primary energy use. 

CIs and PEFs are called conversion factors (CFs) – respectively converting an amount of 

electrical energy into either an amount of CO2 emissions or primary energy – and they are 

widely used in a variety of academic and applied research associated with the European energy 

transition10. 

When compared to fossil-fuelled technologies, the merits of electricity consuming technologies 

like HPs and EVs are largely dependent on CFs. In the case of EVs, some studies even claim 

that the assumed CFs can lead to completely opposing conclusions about the technology’s 

merits [4,5]. In the case of HPs, an interaction exists with the coefficient of performance 

(COP)[6,7]. It is namely the ratio between the assumed PEF and COP which determines the 

degree to which the installation of a HP results in a reduction of a building’s PE.  

CFs also affect the evaluation of local electricity production technologies, like photovoltaic 

(PV) installations on the roofs of buildings. Although the EPBD has not been implemented in 

exactly the same way in every European country, the building energy performance regulations 

in certain countries (like Belgium) allow to subtract the annual PE production (electricity 

production multiplied with a PEF) of a PV installation from the building’s overall PE use. Given 

the assumption that the electricity generated by the PV installation is displacing grid-electricity 

that would have otherwise been generated, a ‘high’ PEF can thus be beneficial in this case. 

Similarly, several studies have quantified the degree to which PV can lead to CE reductions in 

this way [8–10]. For example, in the case of realising a net-zero emissions neighbourhood, the 

injection of PV-electricity into the grid (and the associated CI) was found to be of crucial 

                                                      
10 The terms ‘primary energy factor’ and ‘CO2 intensity’ are used inconsistently in the literature. To 

avoid confusion, more extensive definitions and a comparison to other uses are provided in Appendix 

A. 
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importance [10]. Given the importance of CFs with respect to both HPs and PV, they can also 

determine whether or not a building qualifies as a nearly zero energy building (NZEB)[11,12], 

or which score it achieves on its Energy Performance Certificate (EPC). 

Whenever a building is heated (or cooled) using electricity consuming technologies, both CFs 

also affect the attractiveness of electricity-saving measures like improving thermal insulation. 

For a given investment cost, more CE and PE will be saved if the CFs are higher. In other 

words, CFs co-determine the ‘abatement costs’ associated with different technologies and 

measures. Therefore, they also co-determine the contents of the cost-optimal mix of 

technologies and measures to reach a certain goal. An illustrative example of this can be found 

in [13] – in which PEFs are used to track progress in the Spanish residential sector towards the 

EU 2020 goals, supporting policy makers by rating different possible actions related to energy 

savings and efficiency. Through such applications, CFs can also have a significant market 

impact, as they may influence the selection of technologies receiving government support. 

The importance of CFs is further illustrated by the wide variety of applications across the 

literature. In many cases, CFs are used in the context of retrofit scenarios – in which the PE or 

CE of one or several buildings needs to be calculated before and after a number of measures 

are taken [14–21]. In some of the other cases, CFs are used to assess the CE reduction potential 

of energy communities [9], to design control strategies for flexible electricity demand [22], and 

even to assess the benefits of electrifying offshore oil platforms [23]. Some studies use the 

‘official’ CFs proposed by national regulations and building codes [7,11,24,25], while others 

use different externally-sourced CFs, or calculate CFs  themselves [26–28]. 

The crucial observation with respect to all of the above, is that there is no consensus on how to 

calculate or use CFs – even though they can substantially affect the results and conclusions of 

studies. The European Union’s EPBD mandates the use of PEFs, but fails to provide a 

standardised methodology to calculate them. This has led to a variety of methods being used by 

Member States across Europe [11,29]. Also in the academic literature, the methodologies used 

to calculate CFs are highly variable and subject to improvement. Moreover, across studies 

different kinds of CFs are used for similar applications, indicating a patchwork of ad-hoc 

approaches.  

To improve and streamline research practices with respect to CFs in the future, a thorough 

analysis of how they are currently being calculated and used is needed. However, such an 

analysis has so far been missing in the literature. Previous work focusing on the methodological 

aspects related to CFs has remained limited to theoretical discussions, excluding a review of 

the choices that are actually made in contemporary research practice [30–34]. This paper aims 

to fill this gap by performing a first-of-its-kind stocktaking of the academic literature, 

specifically focussing on PEFs and CIs for electricity. A total of 110 recent academic 

publications are systematically reviewed, with a focus on the European context. By improving 
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the understanding of how CFs are actually being calculated and used, current trends and 

shortcomings are identified, and potential avenues for improvements in future research are 

explored. 

The contribution of this paper is organised in two parts. The first and most important part is the 

systematic methodological review of the literature itself. Several methodological ‘aspects’ can 

be associated with CFs, each containing a number of ‘options’. For example, one aspect is a 

CF’s temporal resolution, which has options like yearly, monthly and hourly. The combination 

of methodological aspects and their respective options establishes a functional taxonomy, 

which is used to structure the systematic review. The previous theoretical work has established 

a number of varying taxonomies [30–34], as have the standards developed by CEN (EN17423) 

and ISO (52000 series)[35–37], but they are suboptimal for the purposes of the present paper. 

The definition and selection of aspects was therefore determined in a bottom-up way, 

considering the actual methodologies being used in the literature. This resulted in a taxonomy 

including six methodological aspects (listed below), which are used in section 2 to evaluate 

each of the 110 studies included in the literature sample. More extensive explanations of the 

aspects and their options are provided in the respective subsections. 

• Whether only one or several country-specific CFs were used (geographical scope) 

• Whether the used CFs reflect yearly values or rather a higher temporal resolution 

• Whether the used CFs refer to the past or the future (temporal scope) 

• Whether or not the used CFs take into account electricity imports from other countries  

• Whether the used CFs apply an operational or a life-cycle perspective (assessment 

boundary) 

• Whether average or marginal CFs were used (market perspective) 
 

Although the systematic review of section 2 already leads to a number of important insights, it 

does not yet provide a holistic view on the literature’s calculation and use of CFs. Therefore, 

the second part of this paper’s contribution is the discussion of a number of additional topics in 

section 3. These topics relate more broadly to trends, challenges and opportunities with respect 

to CFs as identified in the literature, namely: 

• The available sources for CFs 

• Transparency in the literature about the origin of CFs 

• The degree to which CFs used in the literature are up-to-date 

• Contrasting the use of CFs with different approaches to calculate the PE and CE for 

certain electrical loads, in which the electricity sector is endogenised 

• The use of CFs in official calculation methods for the certification of building energy 

performance 

• The use of CFs in the context of developing smart grid algorithms (SGAs) 
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The review’s findings – as discussed in sections 2 and 3 – are summarised in the conclusion, in 

which it becomes clear that many of the issues revealed in the literature could be alleviated if a 

thoroughly and coherently calculated database of up-to-date CFs for all European countries 

would be generated and made publicly available. 

 

 

2. Systematic literature review of PEF and CI methodological aspects 

2.1. Literature selection process 

The literature selection process was organised as follows. First of all, the studies obviously 

needed to make use of (or calculate) at least one PEF or CI meant to estimate the PE or CE 

associated with an electrical load (e.g. of an appliance, EV, building, entire neighbourhood, 

etc.). Studies in which only the PE and CE of non-electrical energy demands were estimated 

(e.g. [38,39]) are out of scope. Secondly, the literature selection was limited to studies that were 

published no earlier than 2017, to guarantee that the review represents the current state of play. 

Finally, the selection was focused on publications that relate to the European context. 

It should be noted that the use of CFs is not always the core focus of each of the included 

studies. In fact, in many cases CFs are only mentioned briefly. However, a detailed discussion 

on all the other content and findings of the selected studies is out of scope for the purposes of 

the review. 

To collect the relevant studies, the Web of Science search tools were extensively used, using a 

wide variety of “Topic” queries including “PEF”, “primary energy”, “CO2”, “intensity” and 

“electricity”. Several hundred recent publications were then manually reviewed for relevance 

according the aforementioned selection criteria. 

 

2.2. Overview of the literature sample 

After the selection process, the final literature sample contains a total of 110 recent studies. An 

overview of these studies – focusing on their use of CFs – is provided in Table 1, which acts as 

a guide throughout the rest of the paper. For the sake of clarity, the studies in Table 1 are 

grouped into several categories. The first five categories of studies use CFs to calculate the PE 

or CE associated with buildings at various levels of analysis (from a single appliance like a HP 

to an entire building stock). The sixth category groups studies that are focussed on EVs, 

followed by a seventh category including miscellaneous PE and CE calculations.  Finally, the 

last category groups together the studies that are purely focused on the calculation of CFs 
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themselves (e.g. for particular geographical areas). These studies typically do not ‘apply’ the 

calculated CFs in a PE or CE calculation. To provide additional insight into the literature 

sample, Figure 1 illustrates the number of studies included in each category, Figure 2 shows 

how prevalent each of the methodological ‘options’ are (as discussed in section 2),  and Figure 

3 indicates how frequently CFs were calculated or used for each European country. In addition, 

studies that do not calculate or use CFs themselves but discuss their methodological aspects 

from a purely theoretical perspective are summarised in Table 2, for the sake of comparison 

with the present work and to demonstrate that they do not address the identified literature gap. 
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Table 1: Systematic review of how PEFs and CIs are calculated and applied across academic literature 

Ref PD CF GS TR TS IP S DA AB MP What is calculated 

Single appliance level 

[38] ‘18 CI NL, 

UK, 

DE, 

FR 

y r, p p o na l a CE of a HP + PV + battery 

[39] ‘17 PEF IT y r, p p h, o ‘14 o m PE savings when replacing a GCB with a HP 

[40] 

 

‘18 PEF IT h1 

 

r p h ’15-‘16 o a PE of a HP as compared to providing heating with a CHP through 

a DHN 

[41] ‘18 PEF IT h2 r p h ’11-‘16 o a PE of a HP as compared to a GCB 

[42] ‘17 PEF DE h r p o na o a PE of individual HPs combined with TES 

[43] ‘18 CI 

PEF 

EU3 y r, p p h, o ’12,‘14 o a PE and CE of a HP compared to a GCB, in the context of seven 

European countries 

[44] ‘19 PEF LU y r p o4 na o a PE of a ventilation system 

[45] ‘20 CI 105 y, h r p h ‘18 l a CE of HPs in 10 European countries 

[46] ‘19 CI NO h r c h ‘15 l a CE of a HP in Norway 

[47] ‘20 PEF CY, 

GR 

y r p h ‘17 o a PE of a solar-driven organic rankine cycle in two European 

countries 

[6] ‘20 CI 

PEF 

EE, 

ES, FI, 

GR, 

UK 

y r p h ‘15 o a PE and CE of a HP in five European countries 

[25] ‘19 CI 

PEF 

GR y r p h ’05, ‘166 o a PE and CE of an LED lighting system in a school building in 

Greece 

[48] ‘19 PEF FR, 

RO 

y r p h ‘16 o a PE savings when a PVT system is added to two residential 

buildings in France and Romania 
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[22] ‘19 CI BG, 

ES, 

DE, 

NL, 

NO 

h r p h ‘18 o a CE savings of demand-side response technology in five countries 

[49] ‘20 CI DE h r p h ‘19 o a, m CE savings of industrial scale batteries at 50 small and medium 

size companies in Germany 

[50] ‘20 CI DK h r c h ’17, ‘18 l m CE savings of a controlled HP in Denmark 

 

Individual building level 

[51] 

 

‘18 CI 

PEF 

SE y r p o na o m PE and CE of a multi-family building In Sweden 

[14] 

 

‘17 PEF FI y r p h ‘15 o a PE and CE of a single apartment building in Finland  

[52] ‘19 PEF IT y r p h ‘15 o a PE of a multi-family building in Italy 

[53] ‘19 PEF IT y r p h ‘14 o a PE of a single-family building in Italy 

[54] ‘19 CI 

PEF 

CZ y r p h ‘08 o a PE and CE of a ‘reference building’ in Czechia 

[55] ‘19 CI 

PEF 

SE y r p h ‘16 l a PE and CE of a single-family building in Sweden 

[56] ‘20 CI 

PEF 

SE y r p o na l m PE and CE of a multi-family building in Sweden 

[57] ‘19 PEF IT y r p h ‘14 o a PE of an office building in Italy 

[58] ‘18 CI 

PEF 

CH h r c h ‘15 l a PE and CE of a building in Switzerland 

[59] ‘18 CI DK h r c h ’13-‘16 o a CE of a single-family building in Denmark 

[60] ‘17 CI DK h r c h ‘15 o a CE of a single-family building in Denmark 

[61] ‘18 CI ES h r p h ‘16 o a, m7 CE of a multi-family apartment building in Spain 
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[62] ‘19 CI 

PEF 

IT y r p h u o a CE of a hotel building in Italy, connected to EVs 

[63] ‘19 CI 

PEF 

CH h r c h ’16-‘18 l a PE and CE of a single-family building in Switzerland 

[64] ‘21 CI 

PEF 

GR y r p h ‘18 o a PE and CE of an office building in Greece 

[65] ‘21 CI 

PEF 

ES y r p h ‘13 o a PE and CE of a commercial center in Spain 

[66] ‘20 CI 

PEF 

ES y r, p p h, o ’18 o a PE and CE of a single-family building in Spain 

[67] ‘21 PEF IT y r p o u o a PE of a greenhouse building in Italy 

[68] ‘20 PEF PL y r p o u o a PE of an advanced ventilation system for a multi-unit residential 

building 

[69] ‘20 PEF IT y r p o u o a PE of a wine cellar in Italy 

[70] ‘20 CI 

PEF 

UK y r c h ‘19 l a PE and CE of (a multi-energy system to partially cover the energy 

needs of) an office building in the UK 

[71] ‘20 CI 

PEF 

PL y r p h ‘17 o a PE and CE of a nursery building in Poland 

[72] ‘20 CI 

PEF 

IT y r p u u o a PE and CE of a non-residential building in Italy 

[73] ‘20 CI 

PEF 

IT y r p h, u8 ’13, u8 l a PE and CE of a ‘typical’ residential building in Italy 

[16] ‘20 PEF IT y r p h ‘14 o a PE of a historic museum building in Italy 

[17] ‘20 CI 

PEF 

ES y r p h ‘13 o a PE and CE of an apartment building in Spain 

[7] ‘20 PEF SE y r p o u o a PE of an office building in Sweden 

[18] ‘20 CI NO y r p h ‘12 l a PE of a residential building in Norway 

[74] ‘19 PEF IT y r p o na o a PE of an office building in Italy 
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[20] ‘19 CI EU, IT y r c h ‘13 l a PE of a (proposed) residential building in Italy 

[75] ‘19 CI DE y r p h ‘13 o a PE of a school building in Germany 

 

Multiple buildings level 

[15] 

 

‘19 CI SE y r p h ’13-‘15 o a CE of a range of Swedish buildings  

[76] ‘17 CI 

PEF 

BE h r, p p h ’14-‘15 o a CE and PE of two Belgian buildings (one terraced, one detached) 

[77] ‘21 CI 

PEF 

IT y r p h ‘18 o a PE and CE of a condominium of 87 residential buildings in Italy 

[78] ‘17 CI FI h r p h9 ‘11 o a CE of three residential buildings and two commercial buildings 

in Finland 

[79] ‘20 CI 

PEF 

CH y r p h10 ’16,‘18 o a PE and CE of several multi-family buildings in Switzerland 

[80] ‘20 CI CY, 

ES, 

FR, 

GR, 

IT, PT 

y r p h ‘16 o a CE of buildings in 26 Southern-European cities, spread across six 

countries 

[19] ‘20 CI 

PEF 

ES y r p h ‘13 o a PE and CE of a technology park in Barcelona 

[11] ‘19 PEF EE, FI, 

NO, 

SE 

y r p h ’13, 

‘1711 

o a PE of apartments in Norway, Sweden, Finland and Estonia 

[81] ‘19 CI FI m r, p p h ’11-‘15 o a CE of several generic apartment buildings in Finland 

[8] ‘19 CI DE y r p h ‘17 o a CE of several wine producing facilities in Germany 

[82] ‘20 CI SE h r c h ‘19 o m CE of (a multi-energy system to partially cover the energy needs 

of) a technology campus in Sweden 
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[83] ‘20 CI FI m r p h ’11-‘15 o a CE of (a DH system to serve the heating needs of) a cluster of 

four residential buildings in Finland 

[84] ‘21 CI EU, 

NO 

y, h r c h, o ‘16 o a, m CE of a neighbourhood in Norway 

[10] ‘21 CI EU, 

NO 

y p p o na l a CE of a neighbourhood in Norway 

[85] ‘19 CI EU, 

NO 

y p p o na l a CE of a neighbourhood in Norway 

[12] ‘19 PEF ES y r p h na l a PE of multi-family buildings in several climate zones in Spain 

[21] ‘21 PEF ES y r p h na l a PE of multi-family buildings in several climate zones in Spain 

 

Municipality level 

[86] ‘19 CI HR y r p h ‘16 o a CE of the city of Zagreb 

[87] ‘18 CI IT y r p h ‘11 o a CE of 16 municipalities in Italy 

[88] ‘19 CI IT y r p h ‘16 o a CE of the municipality of Évora 

[89] ‘18 CI IT y r p h ’06,’08 o, l a CE of the municipality of Licata 

[90] ‘20 CI IT y r p u u o a CE of small districts in Naples and Turin 

[91] ‘20 CI 

PEF 

IT y r p h u o a PE and CE of (a multi-energy system to partially cover the energy 

needs of) a district in Naples 

[92] ‘20 PEF IT y r p h ‘14 o a PE of a district in Milan 

[24] ‘19 CI 

PEF 

AT y r p h u o a PE and CE of (a multi-energy system to partially cover the energy 

needs of) a district in Vienna 

[9] ‘19 CI 812 h r c h ‘17 o a CE of energy communities in eight European countries 

[93] ‘20 CI DE y, h r, p p, c h, o ‘18 o a CE of a district heating system for the city of Heide 

[13] ‘18 PEF ES y r c h ’91-‘13 o a PE of the autonomous community La Rioja 
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Building stock level 

[94] 

 

‘19 PEF DK y p p o na o a PE of the 2050 Danish building stock 

[95] 

 

‘19 CI 2813 

 

y r 

 

p h 

 

‘12 o a CE of various national building stocks in 2012 and 2030 

[96] 

 

‘18 CI DE, 

ES, 

FR, 

SE, 

UK 

y r, p 

 

p h ’09-‘12 o a CE of a representative building  stocks for five European 

countries 

 

[97] 

 

‘18 CI 

PEF 

CH y r p h ‘15 l a CE and PE of a synthetic building stock representing Switzerland 

[98] ‘21 CI 2813 y r p h ‘15 o a, m CE of heating electrification in 28 European countries 

 

Electric vehicles 

[99] ‘19 CI DE h14 r, p p h, o ‘16 l a CE of electric busses in Germany 

[5] ‘18 CI EU, 

2813 

y r c h ‘13 l a CE of EVs in 28 European countries 

[100] ‘17 CI DE, 

FR 

h r p h ‘13 o a CE of EVs in France and Germany 

[101] ‘18 CI CZ, 

PL, o 

y r, p p h ‘15 l a CE of EVs in Poland and Czechia 

[102] ‘18 CI SI y r p h ’09-‘14 o a CE of EVs in Slovenia 

[103] ‘20 CI IT y r p h, o ‘14 o a, t CE of EVs in Italy 

[104] ‘20 CI 

PEF 

EU y r, p p h, o ’18, ‘19 o a PE and CE of EVs in Europe (as a whole) 

[105] ‘19 CI ES h15 r, p p h, o ‘17 o a CE of electric busses in Spain 
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[106] ‘20 CI EU y p p o na o a CE of EVs in Europe in the year 2050 

[107] ‘20 CI UK y r p h ‘17 o a CE of EVs in the UK 

[108] ‘20 CI ES y r, p p h, o ‘16 o a CE of EVs in Spain 

[109] ‘20 CI EU y r, p p h, o ‘17 o a CE of EVs in Europe 

[110] ‘20 CI PL y r p h, o ‘18 o a, t CE of EVs in Poland 

[111] ‘20 CI UK h16 r c h ’18, ’19 o a CE of EVs in the UK 

[112] ‘21 CI DE h r p h ‘17 o m CE of EVs in Germany 

 

Other PE and CE calculations 

[113] ‘21 CI UK h16 r c17 h ‘19 o m Calculation of marginal CIs for the UK, to assess the CE-impact 

of storage operation 

[114] ‘20 CI GR y r c h ‘14 o a CE of a highway in Greece 

[115] ‘20 CI EU y r, p p h, o ‘15 o a CE savings when electrifying European industry 

[23] ‘19 CI EU, 

NO 

y p p, c o na o a, m CE savings when electrifying offshore oil platforms 

 

Calculation, analysis and forecasting of CFs themselves (without a concrete PE or CE calculation) 

[26] ‘18 CI 

PEF 

IT h r p h ’12-‘17 o a Calculation and analysis of hourly PEFs and CIs, based on 

historical data from the Italian TSO 

[116] ‘17 PEF SE, 

EU 

y r p h ‘14 l a Novel calculation of the PEFT of nuclear, and its impact on the 

Swedish and European PEF 

[27] ‘19 CI 

PEF 

IT h r p h ’16,’17 o a Calculation of hourly PEF and CI 

[28] ‘18 CI 

PEF 

CH h r c h ‘15 l a Calculation and analysis of hourly PEFs and CIs for Switzerland  

[117] ‘18 CI DK, 

NO, 

h r c h ‘16 l a Calculation of hourly CIs for Denmark, Norway and Sweden 
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SE 

[118] ‘19 CI 618 h r c h ‘15 l a Calculation of hourly CIs for six Northern-European countries 

[119] ‘18 CI FR h r c h ’12-‘14 l a Calculation of hourly CIs for France 

[120] ‘19 CI 2813 h r c h ‘17 l a Calculation and analysis of hourly CIs for 28 European countries 

[121] ‘20 CI DK h p c o na o m Short-term forecasting technique for marginal CIs 

[122] ‘20 CI IT, 

UK16 

h p p h ’17, ‘18 o m Statistical technique to calculate marginal CIs 

[123] ‘21 CI DE, 

DK, 

FR, 

NO, 

PL 

h p c h ’18, ‘19 o a Short-term forecasting technique for average CIs 

Note: Ref = reference, PD = publication date CF = conversion factor used, GS = geographical scope of the CF (code of geographical areas like countries or the entire 

European area, the number of countries (further referenced below),  or another approach), TR = temporal resolution (yearly, monthly or hourly), TS = temporal scope (is the 

CF calculated retrospectively or prospectively), IP = import perspective (production or consumption perspective on the CFs, cf. section 2.8), DA = data age (historical year on 

which the CF is based), S = CF source (is the CF purely based on historical data or on another approach), AB = assessment boundary (is the CF calculated from an operational 

or a life-cycle perspective), MP = market perspective (is the CF calculated as an average, a marginal value, or is a specific technology assumed). Notation “na” in any aspect 

column indicates ‘not applicable’, while notation “u” indicates ‘unclear’. Table contents are limited to the PE and CE calculations associated with electrical loads in each 

study, ignoring other content and contributions. For supplementary notes on some of the studies included in Table 1, see Appendix B. 

1: PEF calculation is only partially based on hourly historical data. Yearly values are used for all thermoelectric technologies. 
2: Same ‘partially hourly’ approach as [3] with respect to PEF calculation. 
3: Building characteristics are adapted to the typical circumstances in each of the seven countries (DE, FI, GR, IT, NL, SE, and UK) but European average CI and PEF values 

used for each case. 
4: PEF simply assumed by authors to be 2.7, without providing a source. 
5: The included countries are AT, CH, DE, DK, FR, IE, IT, NL, PL and UK. 
6: The CI refers to 2005, while the PEF refers to 2016. 
7: CIs are calculated from a marginal perspective, while PEFs are calculated from an average perspective. 
8: The CI refers to 2013, while it is unclear what the source or reference year is for the PEF. 
9: Hourly CIs are partially based on historical electricity production data for renewables and nuclear. The electricity generation by technologies for which data was not 

available is estimated with a capacity and dispatch optimisation model to cover the residual demand. 
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10: The CI refers to 2018, while the PEF refers to 2016. 
11: The PEFs for Norway, Sweden and Finland refer to 2017, while the PEF for Estonia refers to 2013. 
12: The countries included in the analysis are AT, BE, FR, DE, IT, NL, PT and ES. 
13: The 28 EU Member States before Brexit. 

14: CI in 2016 is calculated on the basis of quarter-hourly historical data from a German TSO. CE in future years (2017-2028) are calculated on the basis of yearly average CIs 

out of a German governmental report which made a rudimentary projection of CIs. 
15: Hourly CIs are calculated on the basis of historical data for the year 2017. For future years up to 2030, yearly CIs are considered. 
16: The actual temporal resolution is half-hourly 
17: The consumption-based perspective focusses on flows within the UK, between several sub-national regions. 
18: The countries for which CIs are calculated are DE, DK, FI, NL, NO and SE. 

 

Table 2: Other references discussing CF methodological aspects 

Ref PD CF Goal of Ref  Note 

[30] ‘16 PEF Fraunhofer study procured by the European 

Commission to review PEF, PEFT and PEFF 

calculation methods 

 Detailed discussion of all possible PEF calculation methodologies with respect to PEFT 

calculations for various technologies, GS, TR, TS, IP, S, AB and MP. Not a review of 

academic literature. 

[31] ‘19 PEF Overview of PEF, PEFT and PEFF calculation 

methods of the IPCC, IEA, EIA and European 

legislative framework (EED and EPBD) 

 Stresses the fact that there are technical, political and economic dimensions to PEFs, 

which explains the current absence of a consensus on calculation methods. Not a review 

of academic literature. 

[32] ‘17 PEF Evaluation of the use of PEFs at various TRs  Also investigates various methodological options for the application of PEFs on a 

building’s own production – and injection into the grid – of solar power. 

[33] ‘18 CI 

PEF 

Overview of PEF and CI calculation methods  Specifically focusses on the aspects of temporal resolution and the choice between an 

average or marginal market perspective. 

[34] ‘18 PEF Calculation of PEFT values for various 

technologies 

 Uncertainties about the input parameters in each PEFT calculation (e.g. power plant 

thermal efficiencies etc.) are used to generate a spread of possible PEFT values for each 

technology. 

[29] ‘19 PEF Calculation of PEFT values for wind  Shows that not only a PEFT value of 0 or 1 is possible for electricity from wind power, 

but also various other options, based on a range of methodologies considering different 

life-cycle aspects 

Note: for abbreviations, see Table 1.
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Figure 1: Number of studies per category in the literature sample 

 

 

Figure 2: Distributions of methodological aspects in the literature sample 

 
Note: for abbreviations, see Table 1. GS is shown here as the number of geographical areas considered. DA is 

shown here as the number of years between the publication date and the historical year to which the conversion 

factor(s) used in the study refers. B stands for both. 

 

Figure 3: Geographical distribution of CFs calculated or used in the literature sample 
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2.3. Geographical scope 

In the literature sample, 83 out of the 110 studies (75%) use CFs representing only a single 

country. Most of them effectively ignore the fact that CFs are geographically variable and that 

their PE and CE results may therefore be highly specific to the single country they consider. 

This stands in sharp contrast with the fact that many studies explicitly mention the importance 

of considering the geographical variability of CFs (e.g. [5,11,39,41,45,118,124]). However, it 

should be noted that some of those studies only do so to acknowledge the fact that their use of 

only a single country’s CFs forms an important limitation of the presented work. For example, 

in [41] the PE associated with a HP is calculated, and it is concluded that the results are highly 

sensitive to the assumed PEF. The authors then call for future research to replicate their analysis 

within the context of other countries – using a variety of geographically diverse PEFs.  

To illustrate the diversity of national CIs across Europe, Table 3 presents the values calculated 

by Eurostat for the year 2019 [125]. A similar comprehensive overview of up-to-date national 

PEF values for European countries is currently unavailable, as discussed later. However, the 

literature sample indicates a significant geographical variability here as well, ranging from 

values of 1.4 and 1.6 that are used for Norway [11] and Sweden [55], to values of 2.5 and 2.7 

that are used for The United Kingdom [70] and Luxembourg [44]. In twelve of the studies in 

the literature sample, CFs are used for Europe as a whole (cf. Table 1). Using European instead 

of national CFs has been shown to affect results [84], but the exact impact may differ from 

country to country. 

 

Table 3: Overview of national CO2 intensities (CIs) for European countries in 2019 

Country CI (g/kWh) 

Austria 91 

Belgium 167 

Bulgaria 421 

Croatia 145 

Czechia 431 

Denmark 126 

Estonia 891 

Finland 86 

France 52 

  

Germany 338 

Greece 598 

Hungary 212 

Ireland 316 

Italy 233 

Latvia 117 

Lithuania 22 

Luxembourg 74 

Netherlands 390 

  

Norway 19 

Poland 719 

Portugal 244 

Romania 293 

Slovenia 231 

Spain 207 

Sweden 8 

United 

Kingdom 

228 

Source: [125].  

Note: These are average values from a life-cycle perspective, which do not take into account imports  

(cf. sections 2.6, 2.7 and 2.8). 

 

In the minority of studies actually using geographically diverse CFs, the value of doing so is 

confirmed across a range of applications. For example a number of studies show the importance 
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of carefully considering CFs in the context of EVs. In [5], the CE associated with EVs is 

estimated using CIs for 28 European countries, showing a CE below  50 gCO2EQ/km in some 

countries (FI, FR, SE) and up to approximately 200 gCO2EQ/km in other countries (EE, LT, 

PL). Similarly, [104] considers the PE of EVs across Europe, Japan and the United States, and 

finds that the (generally) higher conversion efficiency of electricity production in Europe leads 

to a comparatively lower PE. 

The importance of the geographic variability of CFs is demonstrated outside of the EV context 

as well. In [11], the PEFs of four Northern-European countries are used to assess renovation 

strategies for apartments. It was found that PEFs have an important impact on whether or not 

identical apartments in the different countries qualify as NZEBs. In [9], the CE reduction 

potential of energy communities is analysed, using CIs for eight European countries. The study 

finds that the benefits of intelligently controlling HPs, PV and energy storage across an energy 

community can be largely dependent on the CI of the considered country. Along the same lines, 

[22] finds that country-specific CIs have an important influence on the benefits of dispatching 

flexible electricity demand during peak hours. 

By considering CFs for a range of different countries within a single study, a coherent 

comparison can be made of PE or CE results – showing how they can vary, depending on the 

constitution of the country-specific electricity mix. In contrast, comparing results for different 

countries across multiple studies (e.g. each considering the CE of EVs for a single country) can 

be problematic, because the used CFs may be based on a different historical year or vary in 

terms of their methodological characteristics. 

The fact that – so far – most studies have failed to use geographically diverse CFs can be 

justified to a certain degree. Currently, authors are burdened with a significant amount of 

additional effort if they want to take geographical variability into account, because a public 

database of up-to-date CFs of European countries – estimated using a rigorous and transparent 

methodology – is currently unavailable (cf. section 3.1). Moreover, the varying weather 

conditions in different countries do not only affect the CFs but may also affect other aspects of 

the study, such as the electricity demands (e.g. for heating or cooling a building). Whenever the 

use of geographically varying CFs is not feasible, a sensitivity analysis of the CFs can be 

advised. 

 

2.4. Temporal scope 

87 out of the 110 studies (79%) perform PE and CE calculations that are purely retrospective 

in nature. Whenever this is the case, the results of a study are at risk of quickly becoming 

outdated, given the fact that CFs are continually changing due to the evolving electricity mix – 

as frequently mentioned across the literature [31,39,41,42,76,126]. Therefore, many studies 
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recognise the value of taking the future evolution of the electricity mix into account, and use 

prospective CFs instead. The main reason why prospective CFs are expected to differ from 

retrospective CFs is the ongoing energy transition, whereby the penetration of renewable 

electricity generators is increasing all across Europe [39,41,42] and policy-driven phase-outs of 

nuclear and coal technologies are taking place in certain countries. Prospective CFs are typically 

calculated by simulating (scenarios for) the future electricity system using a model-based 

approach [49]. 

Prospective CFs are valuable across a range of applications. For example, they allow for future 

changes in the electricity mix to be taken into account when calculating the CE associated with 

charging EVs. Throughout an EV’s operational lifetime, the CI associated with charging is 

likely to decrease, leading to a lower amount of CE compared to a situation in which a constant 

(historical) CI is assumed [127]. Similarly, neglecting the expected decrease in the future PEF 

can lead to a significant overestimation of the PE associated with HPs [31,42]. 

Still, a number of studies explicitly consider the long-term future in their PE and CE 

calculations, and assume (implicitly) that the applied CFs – which are based on historical data 

– will remain constant over time. For example, [52] uses a constant PEF in the context of finding 

the optimal design for a multi-family building in Italy, explicitly considering a period up to 

2045. In [95], the CE of national building stocks is calculated for the year 2030, using a CI 

based on the year 2012. Similarly, [96] even assumes a constant CI while calculating the CE of 

building stocks up to the year 2050. There are several more examples of studies that consider 

the future while assuming constant CFs that are based on historical data for the assessment of 

apartment buildings [81], office buildings [64], technology parks [19] and EVs [107]. 

Forecasting the future evolution of the electricity mix and translating it into prospective CFs 

can be a challenging exercise, which explains the frequent use of simplified approaches across 

the literature. Some studies simply make a few high-level assumptions about the future 

penetration of renewable technologies [39,76,104], consider the projected electricity mix in 

governmental policies [108], or refer to other high-level scenario projections [106,109]. Others 

linearly extrapolate CFs, from a known historical value towards an expected future value (e.g. 

0 gCO2/kWh in the year 2050)[38]. 

 

2.5. Temporal resolution 

73 out of the 110 studies (66%) exclusively make use of CFs with a yearly temporal resolution, 

ignoring temporal variations at the seasonal, monthly and even the hourly level. This stands in 

contrast with the fact that the importance of higher temporal resolutions is continually stressed 

in the literature – namely in the two studies using monthly CFs and the 35 studies using hourly 

CFs (cf. Table 1). For example, in [81] CIs with a monthly temporal resolution are used to 
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devise optimal renovation measures for Finnish apartment buildings, while hourly CIs are used 

in [22,123] to calculate the CE savings made possible by dispatching flexible loads. Elsewhere, 

hourly CIs are used to better calculate (and to help minimise) the CE related to HPs [50,93] and 

EVs [111]. 

PE and CE calculations using a higher temporal resolution generate a more accurate result. In 

fact, many studies have purposefully sought and found differences between what may be called 

the ‘yearly’ and ‘hourly method’ [27,40–42,45,63,78,128]. For example, in [45] the difference 

between the outcomes of the yearly and hourly methods is analysed in the context of calculating 

the CE associated with HPs in ten European countries, showing that the temporal resolution of 

the CI can make a difference of 5% to 10%. Similarly, in [78] the CE of two residential 

buildings is calculated using yearly and hourly methods, finding a difference of up to 6%.  

Deviations between yearly and hourly methods are not only important for the sake of accuracy 

in and of itself – they can also affect comparisons between the merits of different technologies. 

For example, in [41] HPs and gas condensing boilers (GCBs) are compared, and it is found that 

HPs result in significant PE savings compared to GCBs, but that the yearly method 

underestimates these savings by 8% when compared to the hourly method. Moreover, hourly 

values are expected to become all the more important to consider in the future, as their volatility 

increases due to the growing penetration of variable renewable energy sources 

(VRES)[27,33,38,41,46]. 

An important barrier to the use of hourly CFs is the fact that they are not generally available. 

The Danish Transmission System Operator (TSO) Energinet and the French TSO RTE actively 

publish hourly CIs – triggering analyses that make use of them [59,60,129] – but hourly CFs 

remain unavailable for other European countries. This forces researchers to calculate hourly 

CFs themselves, on the basis of historical electricity production data (e.g. [26–28,117–119]). 

When prospective hourly values are required, historical data cannot be used. In this case, the 

advanced methodologies required to calculate the necessary values can further impede the 

stated research goals – as demonstrated in [84]. 

 

2.6. Assessment boundary 

83 out of the 110 studies (75%) consider CFs from a purely operational perspective (OP). This 

means that the CFs only include the PE and CE that is directly associated with the production 

of electricity. In principle, it is then possible for certain technologies to have a PEFT of 0 

kWhP/kWhE (wind, solar and hydro) or a CIT of 0 g/kWhE (all renewables and nuclear) – as 

explained in Appendix A. When an OP is used, the only thing that is potentially considered in 

addition to the generation of electricity itself, is its transportation from producer to consumer 

and the associated grid losses. 
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The alternative for an OP is a life-cycle perspective (LCP), which includes the PE and CE 

associated with the entire life-cycle of the power plants (construction, maintenance, 

deconstruction) and fuels (extraction, processing and transport). A LCP implies that PEFT and 

CIT values can no longer be zero, because a certain amount of PE and CE will always be 

associated with the non-operational aspects like construction.  

LCP CFs are typically used in life-cycle analyses (LCAs), in which the entire life-cycle of 

buildings (e.g. [18,20]) or EVs (e.g. [5,99,101]) is taken into account, instead of only the 

operational impact. It then makes sense to apply LCP CFs to calculate the PE and CE associated 

with the operational electricity consumption to avoid methodological inconsistencies. 

Furthermore, LCP CFs are valuable as they provide a more holistic insight in the PE or CE 

related to various energy technologies used in the electricity mix. 

Assumptions about CFs can be highly important in LCAs, because they co-determine the ratio 

between operational and embodied PE and CE. This ratio is a crucial output variable of LCAs, 

because a high share of embodied PE and CE is what confirms the added value of considering 

the non-operational aspects. In many of the LCA-related studies included in the literature 

sample, not only the importance of CFs is stressed, but also specifically the value of using 

prospective CFs (cf. section 2.4) and CFs with higher-than-yearly temporal resolutions (cf. 

section 2.5). For example, in [9] the CE associated with ‘energy communities’ is calculated 

across the life-cycle, and it is shown that both the seasonal dynamics and long-term evolution 

of the assumed CIs have a significant impact on the results for the operational CE. 

 

2.7. Market perspective 

94 out of the 110 studies (85%) make use of average CFs, which consider the entire mix of 

electricity generation from different technologies during a given period (e.g. a particular year 

or hour). An average CF is calculated as a weighted average, multiplying the electricity 

production by each technology (coal, wind, nuclear, etc.) with its respective PEFT or CIT value 

and dividing by the total aggregated electricity production. 

The main alternative to using average CFs is using marginal CFs, which only consider the 

marginal electricity producer during a given timestep. This is the powerplant that would change 

its electricity production in response to an incremental change in electricity demand. A marginal 

CF does not need to be ‘calculated’, in the sense that it is simply equal to the PEFT or CIT of 

the marginal producer itself. However, it can be challenging to identify the marginal producer 

on the basis of historical electricity production data [51,124], and state-of-the-art techniques 

are required to generate short-term forecasts of marginal CFs [114,123]. As observed by [114], 

there is no directly observable ‘ground truth data’ with respect to marginal CFs, which means 
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that statistically estimated values are sensitive to the applied assumptions. It can therefore be 

difficult to estimate marginal CFs with a high level of accuracy [115]. 

The choice between using average or marginal CFs can have a considerable impact on the 

outcome of PE and CE calculations [4,33,86,100,102], leading to intense debates about which 

kind of CF is most appropriate. The analysis of the literature sample indicates that this 

methodological choice is largely dependent on the application – although there is not always a 

consensus about which kind of CF should be used in which application. As explained by [115], 

marginal CFs are typically used to calculate the impact of intervening in the electricity system 

– for example by deploying an energy storage technology that withdraws and injects electricity 

from the grid. Using average CFs in this case would assume that all electricity generators 

respond to a change in grid load – potentially leading to an underestimation of the change in 

CO2 emissions (as also noted by [51,124]). Therefore, some of the studies in which methods 

are developed to minimise the CE associated with HPs and EVs through demand side 

interventions use marginal CFs [52,114]. In [114], it is shown that using average CIs for these 

kinds of applications may even inadvertently lead to increasing CO2 emissions. 

Still, there is no consensus on whether marginal CFs should always be used in these cases. A 

significant amount of studies in the literature sample uses average CFs even though the impacts 

of demand side interventions are being evaluated [61,62,64,78,97,119–121]. In [119,120], the 

reasoning behind this is the fact that the interventions are evaluated within a framework which 

itself uses average CFs. The impact of a HP’s demand response capability is evaluated using 

traditional BEP calculation methods, arguing that this is in line with the EPBD. 

The traditional use-case for average CFs is any kind of PE or CE accounting method, that is 

meant to be applicable to all ‘users’ (e.g. all buildings or all EVs). Not only is it not feasible to 

consider all users as marginal, but even applying marginal CFs to part of the users can be 

problematic when ‘accounting’ PE or CE – because it implies that a lower-than-average CF 

needs to be calculated and applied to the other users. Otherwise the total amount of attributed 

PE or CE would no longer be correct. For this reason, [86] argues against the use of marginal 

CFs in the context of calculating the CE for a (new) neighbourhood, stating that any particular 

building should not be handled differently from all the rest (i.e. as the ‘marginal building’). 

However, [86] does approve of using marginal CFs to calculate the PE-savings realised though 

PV grid-injection. 

Given the fact that – in practice – buildings are subject to regulatory BEP calculation methods 

(e.g. to produce official EPCs), average CFs are also typically used in academic studies 

focussing on optimal building design [11,21]. Moreover, average CFs are dominantly used in 

the context of LCAs, both for buildings and other applications like EVs. In the literature sample, 

only two of the 27 studies that apply a LCP use marginal CFs [52,58]. Recently, a tool has been 

developed to aid researchers in their choice between average and marginal CFs [132], but the 
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debate about which kind of CF to use for certain applications could remain unresolved for years 

to come. 

Finally, it should be noted that it is sometimes claimed that average CFs are easier to calculate 

than marginal CFs [119,120]. However, in the complex reality of Europe’s increasingly 

interconnected electricity grid, the calculation of both average and marginal CFs has become a 

highly non-trivial task – as discussed in the next section. 

 

2.8. Import perspective 

85 out of the 110 studies in the literature sample (77%) use CFs that only consider the electricity 

production within the country (or countries) they focus on. In line with [120], this can be called 

a production perspective. It ignores the fact that a country may be a significant (net-)importer 

of electricity that is generated abroad, which can affect CFs. For example, the average CI of 

Austrian electricity production (for the year 2017) has been estimated to be as low as 136 

gCO2/kWh, but the substantial  imports from Czechia and Poland increase the CI of electricity 

consumed in Austria by 82% (to 248 gCO2/kWh)[120].These kinds of effects are important to 

consider, as many European countries import a significant amount of the electricity they 

consume – especially at sub-yearly temporal resolutions (e.g. during specific months or 

hours)[130,131]. The alternative to a production perspective is a consumption perspective, 

whereby imports are no longer ignored. Using CFs that apply a consumption perspective may 

become increasingly important in the future, as the European electricity system becomes 

increasingly well interconnected. It has been recognised that failing to consider imports can 

lead to “significant distortions” [30], a notion that is echoed in many studies 

[5,40,132,45,55,60,63,117–120]. However, calculating CFs from a consumption perspective 

presents a considerable challenge – especially if hourly variations in the flows across the entire 

European network are considered. 

Several approaches to take imports into account are found in the literature sample, ranging from 

highly simplified ones to the more complex state-of-the-art. The simplest approach is to assume 

constant CIs for the electricity that is imported from neighbouring countries, ignoring temporal 

fluctuations. For example, in [59,60] Danish imports from Germany are always attributed a CI 

of 415 g/kWhE. This approach is also used in  [111,114], in the context of estimating the CE 

associated with charging EVs in the UK. In a somewhat more advanced variety of this approach, 

hourly CIs are calculated for the countries being imported from [63,119]. Another simplified 

approach is to use empirically observed electricity market prices to identify the marginal 

electricity generator, which may be located in another country [133]. However, this approach 

can only be used to estimate marginal (as opposed to average) CFs from a consumption 

perspective. 
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The state-of-the-art methods for taking into account imports consider the complex flows across 

the entire European network as a whole, instead of imposing an arbitrary geographical boundary 

around countries. In [117,118], a technique based on multi-regional input-output models is 

used, which are widely applied in economics. The technique assumes a balance between the 

sum of electricity production and imports on the one hand, and the sum of electricity 

consumption and exports on the other - which is respected in every country node and timestep. 

A similar method called ‘flow tracing’ is developed in [120], and applied on historical data to 

calculate the difference between CFs from a production and consumption perspective for 27 

European countries. For every historical hour, the CIs of each country are considered as vectors 

in a linear equation system, which can subsequently be solved – generating hourly CIs that take 

into account all flows across the European network. 

 

3. Discussion 

3.1. Available sources of conversion factors 

The fact that most of the studies in the literature sample calculate CFs themselves can be 

explained by the fact that the externally available CFs are subject to a number of limitations. 

Table 4 provides a brief overview of these available sources. In addition to the sources presented 

in this table, a number of studies in the literature sample use CFs that are found in national 

building codes and regulations [7,11,24,25]. 

The overview in Table 4 shows that – generally speaking – up-to-date, rigorously and 

transparently calculated CFs are not sufficiently available. This is problematic, because CFs are 

essential inputs for many kinds of academic and non-academic applications. The review of the 

literature sample also indicates that this is a widely recognised problem. Across a wide range 

of studies that use CFs for a variety of applications, the unavailability of a satisfactory database 

of CFs is frequently mentioned as an important research barrier 

[6,10,11,25,60,61,105,118,120,143]. For example in the areas of heating electrification [6], 

transport electrification [105] and zero emission neighbourhoods [84,85].  

 

 

 

 

 

 

 



51 
 

Table 4: Available sources of CFs 

Source CF GS TR IP AB Ref Limitations 

IPCC CI EU 

28 

y p o,l [89] Outdated (due to the slow publication cycle) 

Highest temporal resolution is yearly 

Does not consider imports 

GEMIS PE

F 

CI 

EU 

28 

y p o [134] Outdated (based on EUROSTAT data 2010-

2013) 

Highest temporal resolution is yearly 

Does not consider imports 

EU JRC CI EU 

28 

y p o,l [135] 

[136] 

Outdated (latest version published in 2017, 

refers to historical data from 2001-2013) 

Highest temporal resolution is yearly 

Does not consider imports 

IEA CI EU 

28 

y p o [137] Not publicly available 

Simplified aggregations of certain technologies 

Highest temporal resolution is yearly 

Does not consider imports 

EnergiNet CI DK h c o [138] Only for Denmark 

Simplified assumptions for CI of imports 

RTE CI FR h p o [139] Only for France 

Does not consider imports 

Tomorrow CI EU 

28 

h c l [140] Historical dataset (since 2016) not publicly 

available, only the real-time values can be 

viewed 

Ecoinvent na na na na na [141] Only provides PEFT and CIT values for 

electricity generation technologies, not CFs for 

particular geographical areas 

ENTSO-E na EU 

28 

h na na [142] Only provides historical electricity production 

data for each electricity generation technology 

(on the basis of which CFs for particular 

countries can be calculated). 

Some technologies with different PEFT and CIT 

values are aggregated (e.g. ‘gas’), limiting the 

accuracy of CFs calculated on the basis of this 

data source. 

Note: CF = conversion factor used, GS = geographical scope of the CF (code of geographical areas like 

countries or the entire European area), TR = temporal resolution (yearly or hourly), IP = import perspective 

(production or consumption perspective on the CFs), AB = assessment boundary (is the CF calculated from an 

operational or a life-cycle perspective). Temporal scope and market perspective are not included in this table 

because all sources are retrospective and contain only average values. Na = not applicable. 
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An ideal conversion factor database would help alleviate many of the issues raised in section 2, 

namely: 

• The use of CFs for only a single country, whenever the analysis perfectly allows for 

(and would benefit from) the use of several geographically diverse CFs 

• The use of retrospective CFs, whenever the analysis would benefit from using 

prospective CFs 

• The use of yearly CFs, whenever higher temporal resolutions would benefit the analysis 

• The use of purely operational CFs, whenever life-cycle CFs are more appropriate 

• The use of CFs which ignore electricity imports from other countries 
 

A few studies have focused on calculating CFs (as shown in Table 1), but they do not 

meaningfully expand upon the sources shown in Table 4 because they have not made their 

results publicly available. The exception to this is [144], but its database of calculated CFs is 

limited to values for Switzerland, and is based on the outdated reference year 2015. Generating 

and publishing an up-to-date database of CFs for all European countries would present a 

considerable modelling challenge, especially if it were to include both average and hourly CFs 

that take into account imports and project into the future. Ideally, a public database of 

prospective CFs for all European countries would be based on the best available scenarios and 

state-of-the-art simulation approaches. For example, by deploying a European electricity 

system model based on ENTSO-E’s TYNDP 2020 scenarios [145]. 

 

3.2. Transparency in conversion factor calculations 

The literature sample indicates that full transparency about the calculation procedure behind the 

used CFs is unfortunately rare. In many studies, transparency is found to be weak or even 

completely lacking. For example, in many cases the value of the assumed CFs is simply 

mentioned, without providing any information about where the value comes from or how it was 

calculated [44,55,67,68,73,90,91]. Not even the assumed value of the used CFs is always 

provided [146]. 

Weak transparency is also common in studies that are performed in a governmental context. 

National and local governments often employ ad-hoc methodologies to calculate CFs – which 

are then used to measure progress towards policy goals of reducing the PE or CE of a country, 

city or municipality by a certain amount [29,31,96]. As noted by [147], the CIs used by 

municipalities in the context of the Covenant of Mayors programme are also often self-declared. 

Others explicitly use CIs from one of the sources mentioned in Table 4, which are often severely 

outdated and lacking in terms of transparency about the applied calculation methods [147,148]. 
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Overall, it is clear that there is a strong need for CF calculation methods to be harmonised across 

Europe, as also stressed by [29]. The CEN has developed a standardised protocol to calculate 

CFs [36,37], but it leaves open all of the methodological ‘options’ that are discussed in section 

2 to its users. At best, this standard will help improve the transparency of CF calculations and 

increase the degree to which various methodological aspects are actively considered, but it is 

unlikely to lead to a significant harmonisation. A widely used conversion factor database could 

contribute towards that goal, if the included CFs are not only calculated in a transparent way, 

but also in a harmonised way (i.e. across the included European countries). If several future 

studies used the same coherently calculated values from such a database, their PE and CE results 

could be more easily compared. Moreover, if the database would include several kinds of CFs 

(e.g. average, marginal, operational and life-cycle CFs), it could also be used for a wide range 

of applications.  

 

3.3. The limitation of using historical data to calculate conversion factors 

Most studies in the literature sample make use of historical electricity production data to 

calculate CFs – namely 78 out of the 110 studies (71%). As shown in Table 1, 13 studies base 

their CFs on historical data referring to electricity production that took place four years before 

they were published. A further 27 studies make use of data that is five or more years older than 

the publications themselves, which is 35% of all studies that make use of CFs based on historical 

data. Notably, three of those studies make use of data that is even ten or more years older 

[56,91]. In other words, the PE and CE results in many studies are immediately outdated upon 

publication. This is another problem that can be attributed to the unavailability of an up-to-date 

and comprehensive database of CFs for all European countries, and one that could especially 

be addressed if an available database would also include prospective values. The only case in 

which the use of historical data that is five or more years older is perfectly appropriate, is when 

it is explicitly the goal to calculate the PE or CE for a specific range of historical years. For 

example in [13], where PEFs are used to track progress in the Spanish residential sector between 

1991 and 2013. 

 

3.4. Endogenous conversion factors 

All the studies presented in Table 1 use exogenous CFs. This means that the CFs they use are 

assumed to remain unaffected by the consumption of electricity that is being considered. This 

is an obvious methodological choice in most cases, namely when the PE or CE related to an 

individual appliance, building or EV is calculated. Given the fact that it is reasonable to assume 

that the examined electrical loads do not meaningfully affect the large-scale electricity system, 

this kind of calculation presents an ‘ideal use-case’ for exogenous CFs.  For other kinds of 
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calculations – in which the PE or CE is calculated for electrical loads on a much larger scale – 

exogenous CFs may still be used, but the methodological choice of doing so is more debatable. 

For example, when instead of considering an individual HP, renovation measure or EV, their 

large-scale roll-out at the societal level is considered. These kinds of ‘roll-outs’ – as they are 

henceforth referred to – are also studied widely in the literature (e.g. [100,106,108,126,152–

158]). 

If roll-outs cause a significant change to the societal electricity demand, the electricity system 

(i.e. the supply side) will have to adapt. Instead of using exogenous CFs, it may then be desirable 

to endogenously model the electricity system as part of studying the roll-out’s impacts. For the 

sake of a clear taxonomy, this can be labelled as “using endogenous CFs”. The studies that do 

this are not included in Table 1 or in the systematic review of section 2, given the fact that the 

PE and CE of the electricity system are calculated directly and CFs are no longer used explicitly. 

It is challenging to endogenise the electricity system in a way that fully captures the interactions 

between the supply and demand sides, especially while keeping the integrated model 

computationally manageable. Therefore, both the demand and supply sides are often 

represented in a highly simplified way, leading to a number of limitations. On the supply-side, 

the electricity system is usually represented in a rudimentary way, at least compared to state-

of-the-art electricity system models [153–155]. For example, by (sharply) reducing the number 

of electricity generation technologies and included countries – simplifying or even ignoring 

imports from the surrounding area.  On the demand-side, simplifications are typically made to 

the representation of the electrical loads that are being considered. For example, when a large-

scale roll-out of HPs is being studied, the hourly space heating demands of the entire building 

stock may simply be based on heating degree data, ignoring the complexity related to building 

physics and real-world heating behaviour [158]. Similarly, studies that endogenise the 

electricity sector to estimate the CE-impact of EV roll-outs may rely on a simplification of 

driving and charging behaviour [159,160]. Even though the endogenisation is meant to improve 

the understanding of a roll-out’s impacts in terms of PE and CE, these kinds of simplifications  

can potentially counteract (some of) the expected gains in the accuracy of the calculations.  

Moreover, it should be noted that – even though the electricity sector is endogenised and the 

additional demand associated with the roll-out is considered – other changes in electricity 

demand typically remain out of scope. For example, while a change in the electricity sector’s 

PE or CE may be studied as a result of an EV roll-out, the impacts of electrification in the 

heating and industrial sectors – which may very well impact the same electricity system during 

the future period that is being studied – could still be ignored [159,160]. Such a partial analysis 

may invalidate claims about how the electricity supply side would respond to the analysed roll-

out, as the dynamics of that response may be different in practice due to the simultaneous 

electrification of other sectors. 
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Given all of these drawbacks of endogenised approaches, many studies in the literature sample 

choose to apply exogenous CFs, even when large-scale roll-outs are being considered [96–

100,106,108–110,113,117]. In these studies, the use of exogenous CFs allows for other 

modelling aspects (on the demand side) to receive a greater amount of attention. For example, 

studies focussing on the PE-savings realised by rolling out certain building renovation measures 

at scale can choose to focus their efforts on a more realistic BEP model – by including a multi-

zonal heating representation, behavioural aspects like rebound effects, or a more detailed 

representation of technical installations like HPs. Similarly, a study focussing on the CE 

associated with a large-scale EV roll-out can resort to using exogenous CFs in order to pay 

greater attention to aspects like driving behaviour [109]. The consideration of other aspects can 

be ‘crowding out’ the endogenisation of the electricity system from a methodological point of 

view, but their net benefit may still be positive. Choosing for exogenous CFs in the context of 

analysing roll-outs can therefore be entirely legitimate. 

 

3.5. PEFs in the context of official BEP assessments 

In addition to the overarching methodological discussion of the previous subsections, it is 

important to shed a light on two crucial conversion factor applications, namely official building 

energy performance assessments (discussed in this subsection) and smart grid algorithms 

(discussed in the next subsection). 

Across Europe, PEFs are used in the calculation methods for official BEP assessments, for 

example when producing EPCs that are used to inform owners and potential buyers about a 

building’s energy performance. The PEF’s value co-determines how buildings – as well as the 

associated technologies and policies – are evaluated. Therefore, it has been the subject of 

considerable debate. 

The 2012 Energy Efficiency Directive (EED) proposed a European PEF of 2.5, based on an 

assumed 40% average thermal efficiency in the European electricity system [149]. In 2016, the 

European Commission procured a study to evaluate the PEF, which concluded that the value 

should be updated (lowered) to better reflect the current state of the European system – which 

is seeing a continually increasing share of renewable electricity generation [30]. The 2018 

revision of the EED confirmed this by stating that the PEF “should be reviewed”, although a 

new value was not proposed in the Directive itself. Therefore, the outdated value of 2.5 is still 

being widely used today. This PEF is purely retrospective in nature, applies a yearly temporal 

resolution, and applies an operational perspective (cf. section 2). 

Ideally, Member States would adopt national PEF values that are up-to-date and better reflect 

national circumstances than a European average. They are allowed to do so, but they are 

unfortunately not obliged to be transparent or to use a particular methodology [29,149]. 
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Therefore, it is unclear how the various national values that are already in use across Europe 

were calculated, and whether or not they can be mutually compared in a consistent manner [31].  

Potentially, the adoption of the recently released CEN standard EN17423 will help alleviate 

this problem [36,37], although many methodological choices are left to the user. This means 

that Member States using it would not necessarily calculate CFs in exactly the same way. 

Ideally, Member States would carefully consider the drawbacks and benefits of the different 

methodological options (cf. section 2). This could result in a more widespread use of higher 

temporal resolutions, prospective PEFs, and PEFs which take into account imports – positively 

affecting official BEP assessments (like EPCs). Adopting such PEFs in official BEP 

assessments is entirely feasible in principle, although an official institution (e.g. the European 

Commission) would need to deploy its modelling tools (e.g. PRIMES and METIS)[150,151] to 

calculate these PEFs in the first place, and provide them to the Member States. In the meantime, 

the academic publication of a database containing prospective and hourly PEFs could facilitate 

an improved understanding of precisely how they would affect EPCs in various countries – 

each containing different kinds of buildings and local climates.  

Prospective PEFs would enable the PE associated with a particular building to be projected for 

a period of 10 or 20 years. This would better approximate the PE that should actually be 

expected from a building in the foreseeable future (i.e. across its lifetime), compared to the 

current (implicit) assumption that the PEF will remain constant over time. It is possible that a 

building that does not reach a regulatory PE target (e.g. NZEB) under a constant (retrospective) 

PEF, does reach the same target when a prospective PEF is used [11]. Moreover, prospective 

PEFs can reveal that certain technologies are more beneficial in the longer term (e.g. because a 

HP benefits from improvements in the electricity mix, unlike GCBs)[126]. Meanwhile, hourly 

PEFs could better take into account the PE associated with temporal fluctuations in a building’s 

electricity demand. This may be especially useful when a building’s hourly electricity demand 

fluctuates heavily, for example when a HP is combined with PV. EPCs that take these kinds of 

methodological improvements into account may present a more accurate picture. 

 

3.6. Conversion factors in the context of developing smart grid algorithms 

Another application of CFs is the development of smart grid algorithms (SGAs), which is a 

generic term used here for the sake of clarity and conciseness. SGAs can be defined as 

techniques to optimally schedule electrical loads from individual appliances, buildings or EVs. 

Traditional research challenges in the development of SGAs include dealing with uncertainty 

and combining different optimisation objectives. In the literature sample, it is found that many 

studies can be associated with SGA-development in one way or the other [42,46,58–

60,76,78,118,152]. Each of these studies explicitly uses either PEFs or CIs as (one of the) 
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control signal(s) in their SGAs. By helping to reduce the PE and CE associated with various 

electrical loads, SGAs can make an important contribution to the realisation of the European 

climate and energy policy goals. 

CFs that are both prospective and have an hourly temporal resolution are especially useful in 

the context of SGAs. The increasing volatility of hourly CFs as a result of the future increase 

in the VRES penetration can have a substantial effect on the PE and CE reductions that can be 

achieved with SGAs [46]. Projecting the future profiles of hourly CFs in every European 

country would therefore enable an assessment of the future performance of SGAs all across the 

continent. However, a database containing such profiles has so far remained unavailable – as 

previously explained. Therefore, current studies using hourly CFs in the context of SGA-

development have remained limited to retrospective values based on historical data. For 

example, to assess the CO2 emissions that can be avoided by intelligently scheduling HPs 

[59,60,98,129], EVs [112], stationary battery storage [49,153], or simply a generic demand 

response technology [22,123]. Each of these studies has gone through the effort of calculating 

hourly CIs themselves, using a variety of approaches. Other studies simply mention the fact 

that the unavailability of the appropriate (hourly) CFs forms an obstacle to the further 

development of SGAs [26,117,118]. 

In practice, the concrete implementation of SGAs – e.g. in the form of algorithms for HPs or 

EVs to minimise their PE or CE through the intelligent scheduling of their electrical loads – 

will eventually require short-term forecasts of CFs to become available. Producing these 

forecasts lies entirely within the realm of possibility, since ENTSO-E already continuously 

produces 72h forecasts of the hourly electricity production across Europe, as noted by 

[117,118]. Moreover, a number of forecasting methods have already been developed in the 

recent literature – both for average and marginal CFs [50,121,123]. 

 

4. Conclusion 

PEFs and CIs for electricity play an important role in the context of the European energy 

transition and the associated policy goals with respect to reducing the EU’s PE and CE. These 

conversion factors help track progress towards the policy goals, and they enable comparisons 

between different technologies and measures that can play a role in reaching them. More 

specifically, they co-determine the PE and CE that should be associated with individual 

appliances like heat pumps, entire buildings (e.g. before and after renovation measures) and 

EVs. As heating and transport services continue to be electrified, the importance of these 

conversion factors will only increase in the coming decades. To better understand the ongoing 

energy transition and to support future policies aimed at accelerating it, PEFs and CIs therefore 

need to be carefully assessed. 
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In this context, a first of its kind ‘systematic review’ of how CFs are actually calculated and 

used in recent academic literature was performed. For each of the 110 studies included in the 

literature sample, six methodological aspects concerning CFs were evaluated, leading to the 

following findings. 

For four of the methodological aspects, it is found that a majority of studies chooses for what 

is arguably an inferior approach (Figure 1). Namely, to only consider the CF of a single country 

(75%), to apply a purely retrospective perspective (79%), in which case, historical data that is 

five or more years old is often used (35%), to apply a yearly temporal resolution (66%), and to 

ignore electricity imports from other countries (77%). This stands in contrast to the fact that 

many studies across the literature sample have shown that considering the spatiotemporal 

variability of CFs (including in the foreseeable future) and considering imports can all have an 

important added value when calculating the PE or CE associated with a particular load. For 

example, calculations of the current PE and CE associated with HPs and EVs can benefit from 

a consideration of CFs for different European countries, as well as from CFs with an hourly 

temporal resolution. More accurate assessments that also shed a light on cross-country 

differences improve the understanding of the merits of different technologies and thereby 

contribute to policies aimed at reaching certain PE or CE goals. 

Calculating CFs for a large number of European countries and simultaneously taking into 

account imports forms a considerable modelling challenge, although the required techniques 

including ‘flow tracing’ have recently been developed in the literature. However, these 

techniques have only been used scarcely so far, and the existing applications have remained 

limited to the calculation of retrospective CFs. Prospective CFs could provide a particularly 

significant added value, because they allow PE and CE calculations to take into account future 

developments in the electricity mix. For example, when calculating the expected CE of a 

particular HP or EV across the coming ten years.  Moreover, if prospective CFs also have a 

high temporal resolution, then the expected trends in the seasonal and hourly variability of the 

electricity mix can also be taken into account, further improving PE and CE calculations. 

It is also found that most studies use average CFs (85%) as opposed to marginal CFs, and apply 

an operational rather than a life-cycle perspective (75%). The debate between average and 

marginal CFs is still ongoing. With respect to the use of CFs that apply an operational versus a 

life-cycle perspective, the dominant use of the former can simply be seen as a matter of scope. 

Most studies do not yet apply a life-cycle perspective because of the additional effort and 

assumptions that are often required to do so. In any case, future research in which the PE or CE 

of any electrical load is calculated should not only consider the choice between average and 

marginal CFs, or between operational and life-cycle CFs, but each of the methodological 

aspects that are dealt with in the present review. All options with respect to CFs should be 
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carefully considered, and choices should be clearly explained. In the present review, it is found 

that such transparency about CFs is unfortunately still missing in many recent studies. 

A few of the studies in the literature sample have focused exclusively on the calculation of CFs 

itself. However, none of them have made their calculated CFs publicly available (with the 

exception of a single study which calculated CFs for Switzerland in the year 2015). A number 

of sources for PEFs and CIs are publicly available, but each of them is either severely limited 

geographically (e.g. the Danish TSO’s publication of hourly CIs) or heavily outdated (e.g. the 

IPCC, GEMIS and EU JRC databases). Moreover, none of them take future evolutions in the 

electricity mix into account. 

An ideal database would contain CFs that have each of the desirable characteristics described 

above, and are calculated in a coherent and transparent manner. This would be valuable for a 

number of reasons. First of all, such a database would substantially support future calculations 

of the PE and CE associated with individual electrical energy demands. Secondly, the CFs could 

be used to calculate the PE and CE associated with large-scale roll-outs of HPs or EVs, as 

demonstrated by several studies included in the review. Third, it would allow for a critical 

evaluation of the regulatory CFs that are currently used in official BEP assessments across 

Europe (e.g. in the context of generating EPCs). Fourth, it would allow for a meaningful 

comparison of CFs across European countries, in terms of yearly averages, seasonal dynamics, 

hourly volatilities and the degree to which CFs are co-determined by imports –both now and in 

the foreseeable future. Finally, such a database would also support the process of developing 

new BEP assessment methods and SGAs, which can contribute to the European energy and 

climate policy goals as mentioned by several of the reviewed studies. Nonetheless, such a 

database remains unavailable at the time of writing – hindering progress towards alleviating the 

current literature’s methodological issues with respect to CFs, as they have been explained in 

this review. 

As noted by the landmark study procured by the European Commission in 2016, generating this 

type of database would require “very complex power sector model calculations which […] 

would have to be carried out using a highly detailed European model.” [30, p. 39]. Given the 

strong need in the literature, the authors are currently developing such a model that will be used 

to generate the desired database, so it can be analysed and made publicly available for future 

applications in which CFs are used. 
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6. Appendices 

Appendix A: Differentiating different kinds of conversion factors 

In this paper, the term ‘primary energy factor’ is used as a synonym for what is sometimes more 

specifically called the ‘primary energy factor for electricity’. For every unit of grid-electricity 

consumed by an appliance, building or EV, it indicates the amount of associated PE taking 

place in the electricity system. It should therefore be distinguished from the primary energy 

factors associated with specific electricity generation technologies, which are called “PEFT” 

values in this paper. For example, electricity from a nuclear power plant may have a PEFT of 3 

kWhP/kWhE, and electricity from renewable technologies like wind and solar may have a PEFT 

value of 0 or 1 kWhP/kWhE [30]. Furthermore, primary energy factors can also be defined for 

specific fuels, denoted here as PEFF. A fuel like natural gas can have a PEFF higher than 1 

kWhP/kWhF (primary energy per kWh of fuel, measured as the energy stored in the fuel’s 

chemical bonds) if life-cycle aspects are considered. For example, the PE associated with fuel 

extraction, processing and transport. 

With respect to CIs, a distinction can be made between conversion factors considering the 

emissions of several greenhouse gases (GHGs) and expressing them together in terms of CO2 

equivalents (e.g. as used in [18,73,113]), and conversion factors considering CO2 emissions 

alone (e.g. as used in [25,100,106]). When conversion factors for CO2 equivalents are used, 

authors rarely discuss the specific GHGs that are being considered. These two varieties of 

emissions-related conversion factors are both denominated as “CI” in the present paper. Not 

only for the sake of conciseness, but also because differentiating between the two throughout 

the presented literature review is considered out of scope. The expression “CE” is thus used 

interchangeably as well, referring both to CO2 emissions and CO2 equivalent emissions, 

depending on the publication being discussed. 
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Appendix B: Supplementary information accompanying the literature sample 

Table B.1: Supplementary information about the studies included in the literature sample 

Ref Note 

Single appliance level 

[38] Yearly average CI calculated by linearly extrapolating from the latest available historical value of each of the four countries, down to zero in the year 

2050. Finds that the battery can increase PV self-consumption and reduce both the CE and peak demand associated with the HP. 

[39] ‘Current’ PEF calculated on the basis of historical data (2014). ‘Future’ PEF calculated by adjusting wind and solar capacities to the values found in 

external scenarios (from ENTSO-E) and performing a simplistic estimation of the capacity factor of other technologies, given those renewable 

capacities. PE savings are estimated on the basis of changes in the consumption of gas in (a) buildings and (b) the electricity system. 

[40] Assumes both a PEFT of 0 and 1 for VRES (calculating PE in each case). 

[42] Also performs an integrated analysis at the national level (i.e. taking into account the impact on PEF if there would be many such HP + TES 

installations). The same endogenously calculated PEF is used in the analysis at the individual appliance level. 

[43] CI value is based on historical data (EEA calculation for the year 2014). Several PEFs are used; the traditional European average value of 2.5 

established in the 2012 EED, the 2.0 ‘updated’ value proposed by [30] and a value of 1.8 which is assumed to be a good estimate of the future PEF. 

[45] Purpose of the study is to identify the difference in results when hourly CIs are used instead of yearly CIs. 

[46] Operation of the HP is optimised to minimise CE on an annual basis, by using the hourly CI as a control signal. The CI calculation method is analogous 

to the one used in [117,118]. 

[48] PEF is derived from the average (estimated) conversion efficiency of electricity generation in France and Romania (respectively), based on historical 

data from the European Environmental Agency 

 

Individual building level 

[51] 

 

Potential renovation scenarios for a particular building are simulated. For each scenario, PE and CE related to the building’s electricity demand is 

calculated. PEF and CI are ‘calculated’ by assuming that a coal plant is always marginal in Sweden, and that coal plants have a thermal efficiency of 

35%. 

[14] 

 

PE and CE calculated for a variety of renovation scenarios for the building in question. PEF values based on a governmental report, the values of 

which are based on historical data. The building is thought to be representative of many such typical apartment buildings across Finland and 

comparable geographies. 
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[52] Building design is optimised on the basis of both costs and achieved PE. The building contains a HP for both heating and cooling. PEF provided in 

Italian regulation is used, which is based on historical data. 

[53] Nearly identical analysis as [52]. Building design is optimised on the basis of both costs and achieved PE. The building contains a HP for both heating 

and cooling. PEF provided in Italian regulation is used, which is based on historical data (one year older data than [52]). 

[54] Many renovation scenarios are simulated, including scenarios with HPs. PEF and CI are taken from a ‘Czech GEMIS database’ which is based on 

historical data. As a sensitivity, PEF and CI values are increased and decreased by 10%, 20% and 30%. In the scenarios containing a HP, this generates 

‘substantially different results’. 

[55] The building only consumes electricity. It is heated with a HP. Full LCA, considering not only the electricity consumption of the building, but also 

its embodied energy and emissions. 

[56] The building is connected to a DHN, so the electricity consumption for which the PE and CE are calculated is non-heating related (e.g. ventilation). 

PEF and CI are set to the PEFT and CIT of a coal power plant, which is assumed to always be the marginal plant in the Swedish system. As a sensitivity, 

the values are changed to the PEFT and CIT of a gas power plant, which is assumed to always be the marginal plant in the future Swedish system. 

[57] Analysis of a retrofit scenario which reduces the buildings’ PE to the NZEB level. Italian national PEF is taken from an Italian Ministerial Decree, 

which is based on historical data. 

[58] The authors use PEF and CI values based on historical data, calculated by [28]. The building’s battery system uses the hourly CI values to minimise 

the buildings’ CI. 

[59] CE of the building is minimised though MPC that uses the hourly CI signal published by the Danish TSO EnergiNet. 

[60] Similar to [59], with the difference that the historical data for the year 2015 is used. 

[61] The buildings’ HP is used both for heating and cooling. MPC is used to minimise CE.  

[62] Hourly simulation explores opportunities for EVs to reduce the buildings’ CE and PE, but yearly average CI and PEF are used. Building CE and PE 

are reduced by increasing the self-consumption of its locally produced solar energy. EV CE and PE are reduced by being (partially) charged with the 

buildings’ solar energy. 

[63] PEFs are separately calculated considering only the renewable electricity generation, or only the non-renewable electricity generation. The building 

only consumes electricity and is equipped with a HP and a PV installation. 

[64] Hybrid energy system considered for the office building, combining renewables and hydrogen. The LCA considers a period of 20 years, during which 

the PEF and CI are assumed to remain constant. 

[65] Hybrid energy system considered for the commercial center, combining solar and biomass technologies. 

[66] PEF and CI values also calculated for 2030, considering the electricity mix evolution according to government plans. 
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[70] The building is meant to be a ‘representative’ office building. The multi-energy system includes solar, wind and combined heat-and power 

technologies, but grid-electricity is still used as well (i.e. it is not an off-grid system). 

[74] The PE is calculated before and after the implementation of a trigeneration system. 

 

Multiple buildings level 

[15] 

 

Building samples are representative for the analysed Swedish cities. Three CI values are calculated and applied, each representing the ‘the average CI 

in Nordic countries’ in a different historical year. 

[76] Hourly CIs and PEFs calculated on the basis of historical data from the Belgian TSO Elia. One building is heated with traditional electrical resistance 

heating, the other with a heat pump. Both make use of the TES capacity of their floor heating systems.  In separate simulations, the CE and PE of both 

buildings is minimised through MPC that uses the hourly CIs and PEFs. Stylised prospective PEFs and CIs are calculated by extrapolating VRES 

production to 40% of demand. 

[77] Not only the buildings are considered, but also mobility (including EVs). 

[79] The paper’s goal is to estimate the potential of thermal energy storage to reduce emissions. 

[80] CE reduction potential of a novel insulation technique whereby façades are wrapped with membranes 

 

Municipality level 

[86] The calculation uses a Croatian national CI based on historical data, found in a report from the Croatian Ministry Of Environment And Energy. 

[87] The calculation uses an Italian national CI based on historical data, found in a report from the Italian Ministry of Environment. 

[88] The calculation uses an Italian national CI based on historical data, found in a report from the ‘National Emission Inventories’. 

[89] The CE calculation is performed both with the Italian national CI and a local CI for Sicily, to compare the results. Calculations are performed both 

from an operational and a life-cycle perspective. The operational national value is sourced from the IPCC (based on historical data, 2006). The life-

cycle national value is sourced from the ELCD (based on historical data, 2008). 

[78] Hourly CIs are partially based on historical electricity production data for renewables and nuclear. The electricity generation by technologies for 

which data was not available is estimated with a capacity and dispatch optimisation model to cover the residual demand. 

[93] CIs are calculated in three ways. First, CIs for Germany are calculated for 2018 on the basis of historical data, applying a production perspective. 

Second, CIs are calculated for Germany in the year 2030 and 2050 by using an electricity system model, considering neighbouring countries and 

applying a consumption perspective. Finally, CIs are calculated for the city of Heide itself, taking into account surpluses in locally generated renewable 

electricity. 
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Building stock level 

[94] 

 

The Danish 2050 electricity system is simulated in the energy-system tool EnergyPlan. PEFs are calculated based on the results from EnergyPlan.  

Biomass is assumed to have a PEFT of 1, while all other electricity generation technologies in the 2050 system (i.e. other renewables) have an assumed 

PEFT of 0, resulting in a PEF of 0.2. 

[95] 

 

External scenarios used to project the future evolution of the various building stocks. Scenarios include varying levels of heat supply electrification. 

National CI values are calculated on the basis of historical data and are assumed to remain constant in the future scenarios considering the year 2030. 

[96] 

 

The impact of various renovation measures on building stock CE is calculated. Renovations take place on t0 and CE is calculated for a number of 

years into the future. CIs are sourced from government reports, which are based on historical data. The historical year on which the CIs are based 

varies from country to country (depending on the report used). CIs are assumed to remain constant across the future years considered (2030 and 2050). 

[97] 

 

CIs and PEFs are sourced from an external report, the values of which are based on historical data. The synthetic building stock is meant to represent 

Switzerland in the year 2015. 

 

Electric vehicles 

[5] 

 

Yearly average CI per country based on IEA historical data. This is combined with ENTSO-E historical data to take into account imports. 

[100] CI calculation is based on historical data from grid operators in France and Germany. 

[101] 

 

CIs for both Poland and Czechia are taken from IEA reports that estimate the electricity production mix on a yearly basis from 2015 up to 2050 (in  5 

year steps). On top of this, one LCA is also performed with the assumption that EVs can be fully charged by renewables only, enabled by a smart grid 

environment. 

[103] The CE of EVs is calculated in two ways. Once assuming that the EVs are charged with specific electricity generation technologies (e.g. “gas”, “coal”, 

etc.), and once assuming the average CI of electricity in Europe. 

[104] EV roll-outs in the United States and Japan are also analysed. 

 

Calculation, analysis and forecasting of CFs themselves (without a concrete PE or CE calculation) 

[26] The used hourly historical data problematically aggregates various thermal electricity generation technologies. To deal with this, available yearly 

average data are used to disaggregate the hourly data into a more detailed mix of technologies. This approach is pragmatic but not does not produce 

ideal data to accurately calculate PEFs or CIs. Moreover, their disaggregation still leaves ‘gas’ as a single generic technology. I.e. it makes no 

distinction between peak (OCGT) and non-peak (CCGT) gas power plants, which have a different thermal efficiency and thus a different CIT and 

PEFT. 
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[116] Authors claim that the PEFT for electricity from nuclear power plants should be as high as 60 kWhP/kWhE, if the remaining PE in nuclear waste is 

taken into account. Based on historical data, this would increase Swedish PEF from 1.8 to 25.5 kWhP/kWhE and European PEF from 2.5 to 18 

kWhP/kWhE. 

[28] Renewable and non-renewable PEFs are separately calculated. 

[117] The study includes a brief discussion about the potential for smart buildings to make use of hourly CI signals. 

[118] The study includes a limited application of the hourly CIs on a Norwegian single-family building. 

[119] The study includes a rudimentary estimation of how much CE could be reduced when a theoretical load consumes 1kWh every day during the hour 

with the lowest CI. 
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Abstract 

The European Union strives for sharp reductions in both CO2 emissions as well as primary 

energy use. Electricity consuming technologies are becoming increasingly important in this 

context, due to the ongoing electrification of transport and heating services. To correctly 

evaluate these technologies, conversion factors are needed—namely CO2 intensities and 

primary energy factors (PEFs). However, this evaluation is hindered by the unavailability of a 

high-quality database of conversion factor values. Ideally, such a database has a broad 

geographical scope, a high temporal resolution and considers cross-country exchanges of 

electricity as well as future evolutions in the electricity mix. In this paper, a state-of-the-art unit 

commitment economic dispatch model of the European electricity system is developed and a 

flow-tracing technique is innovatively applied to future scenarios (2025–2040)—to generate 

such a database and make it publicly available. Important dynamics are revealed, including an 

overall decrease in conversion factor values as well as considerable temporal variability at both 

the seasonal and hourly level. Furthermore, the importance of taking into account imports and 

carefully considering the calculation methodology for PEFs are both confirmed. Future 

estimates of the CO2 emissions and primary energy use associated with individual electrical 

loads can be meaningfully improved by taking into account these dynamics. 
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CO2 intensity, primary energy factor, Europe, electricity, electric vehicle, heat pump 

 

  



80 
 

1. Introduction 

 

The European Union (EU) strives for sharp reductions in both its primary energy use and CO2 

emissions, as formalized in the flagship 2030 policy targets [1]. Electricity-consuming 

technologies play an increasingly important role in this regard, due to the ongoing electrification 

of transport and heating services. This underscores the need to properly evaluate the CO2 

emissions and primary energy use of individual electrical loads – for which conversion factors 

such as CO2 intensities and primary energy factors (PEFs) are needed. For example, the CO2 

emissions associated with charging an electric vehicle (EV) can be estimated using a CO2 

intensity (expressed in kg/MWh), and the primary energy use associated with an electric heat 

pump (HP) can be estimated using a PEF (expressed in MWhp/MWhe). MWhe stands for 

electrical energy while MWhp stands for primary energy, which is consumed in the electricity 

generation process – typically by burning fuels, which contain potential energy in the form of 

chemical bonds. Both conversion factors reflect how the consumed electricity was produced. 

The calculation and use of conversion factors is a contentious issue, because they can affect the 

outcome of a variety of analyses. For example, previous work has indicated that the CO2 

emissions savings realized by substituting fossil fuelled vehicles with EVs are largely 

dependent on the assumed CO2 intensity of the electricity used to charge the EVs [2,3]. It is 

even shown in this work that differences in the assumed CO2 intensity can lead to completely 

opposing conclusions with respect to the merits of EVs. Similarly, PEFs influence the degree 

to which the installation of a HP or solar panels results in the reduction of a building’s primary 

energy use [4,5]. From the perspective of HPs, a lower PEF is beneficial because it means the 

consumed electricity is associated with a lower amount of primary energy use. Meanwhile, a 

higher PEF is beneficial for solar panels, because their electricity production is typically 

multiplied by the PEF to calculate the reduction in a building’s primary energy use. This 

assumes that the electricity production by the solar panels displaces electricity production that 

would have otherwise taken place in the (national) electricity system [6–8]. Due to its 

interactions with both HPs and solar panels, PEFs can also determine whether or not a building 

qualifies as a nearly zero energy building [9]. 

Across the academic literature, conversion factors are used in a variety of applications. Most 

frequently, they are used to evaluate various building renovation scenarios or design options 

for newly-built projects [10–17]. In these cases, the primary energy use and CO2 emissions are 

calculated for certain renovation measures or building designs. Some of the other applications 

for which conversion factors are used in the literature include an assessment of the CO2 

emissions reduction potential of energy communities [7], the design of control strategies for 

flexible electricity demand [18], and even an assessment of the benefits of electrifying offshore 

oil platforms [19]. 
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Crucially, conversion factors are subject to a number of methodological characteristics. First of 

all, their temporal resolution can reflect the electricity mix across an entire year, or across a 

single season, month or hour. Secondly, conversion factors can either be based on electricity 

generation that has taken place in the past (referring to a particular historical year), or on an 

estimation of what the electricity production mix will look like at some point in the future. This 

can be referred to as a conversion factor’s temporal scope. Thirdly, some conversion factors 

only consider the electricity production within a given country, while others take into account 

the electricity imported from other countries as well.  For each of these three methodological 

characteristics, the recent literature indicates that ‘inferior’ approaches are still being widely 

used. 

In terms of temporal resolutions, many recent studies still use yearly conversion factors [8,20–

23], even though it has been widely recognized elsewhere that it is often better to use monthly 

or even hourly conversion factors [24–29]. By using higher resolutions, temporal changes in 

the electricity mix are better taken into account. For example, it may be important to consider 

the seasonal fluctuation of a PEF when the primary energy use associated with a HP is 

calculated, given the fact that both the PEF itself and the electricity consumption of the HP can 

vary significantly from season to season. Similarly, it may be important to consider the hourly 

fluctuations of a CO2 intensity when the CO2 emissions associated with charging an EV (during 

particular hours of the day) are being calculated. Yearly conversion factors ignore these 

important temporal variations, leading to inaccurate results [24–29]. 

In terms of temporal scopes, it is clear that retrospective conversion factors – which are based 

on the electricity mix as observed at some point in the past – are still dominant in the literature 

[24,30–33]. In these cases, results are at risk of quickly becoming outdated, given the fact that 

the electricity mix is rapidly changing across Europe. For example, calculating the primary 

energy use associated with a HP on the basis of a PEF that refers to a country’s electricity mix 

several years ago could be problematic, especially if the results are meant to inform future 

policies. A few recent studies have therefore opted to use prospective conversion factors, 

anticipating future changes in the electricity mix [8,34–37]. Whether it is the primary energy 

use associated with a HP that is being estimated, the CO2 emissions associated with charging 

EVs, or any other application of conversion factors, prospective values can be considered a 

superior option if the goal is to inform policies in a forward-looking way. 

In line with the frequent use of yearly temporal resolutions and retrospective conversion factors, 

the handling of imported electricity in the calculation of conversion factors is another 

methodological issue that is found in the literature. Many recent studies still use conversion 

factors that do not consider the imports of electricity from neighbouring countries [4,5,28,38–

42]. Whenever a country covers a large share of its electricity consumption with imports from 

other countries, taking these imports into account can be of considerable importance. For 
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example, the CO2 emissions associated with charging an EV in Belgium may not only be 

determined by the electricity mix in Belgium, but also by the electricity mix of the countries it 

imports from (e.g. France and Germany). 

Increasing the use of hourly and prospective conversion factors, which also take into account 

imports, could improve the future research endeavours in which the primary energy use and 

CO2 emissions associated with a variety of electrical loads is calculated. Furthermore, it could 

thereby also lead to improvements in the policies that are aimed at realizing reductions on those 

two fronts. However, the thorough calculation of such conversion factors constitutes a 

considerable challenge, because it requires a sophisticated modelling exercise – in which the 

interconnected European electricity system of the future is simulated I a rigorous way. Because 

of this, a publicly available and up-to-date database of the described conversion factors has so 

far remained unavailable – and this has been recognized as a barrier to research in a variety of 

recent studies [4,8,37,43,44], indicating a gap in the literature. 

The present paper addresses this gap by developing and using a state-of-the-art model of the 

future European electricity system and innovatively applying a flow-tracing technique to its 

outputs, to generate the desired database of conversion factors. Not only does the applied 

methodology allow for the calculation of conversion factors that have an hourly temporal 

resolution, consider future evolutions in the electricity mix and take into account imports, but 

it also has a broad geographical scope (covering 28 European countries). This is another 

element that is beneficial to support future research, because many contemporary studies still 

make use of conversion factors that refer only to a single country [5,42,45–48] – even though 

the benefits of considering multiple conversion factors for a range of different countries have 

been widely demonstrated in other studies [3,9,28,49,50]. 

Another benefit of the methodology applied in this paper is the fact that both ‘average’ and 

‘marginal’ conversion factors can be calculated – which are used for different purposes. 

Average conversion factors consider the entire electricity mix and are typically used for any 

kind of ‘accounting’ exercise, like the calculation of the primary energy use of a building. 

Marginal conversion factors on the other hand consider only the marginal electricity generation 

technology, and are typically used when a change in primary energy use of emissions in being 

estimated [29,42,51–53]. For example, when estimating the savings in CO2 emissions that are 

made possible by charging an EV during particular hours of the day [42]. It is important to 

include both kinds of conversion factors in the generated database, to maximally support future 

research across the variety of potential applications. 

The remainder of this paper is structured as follows. In section 2, the methodology used to 

generate the desired database is explained in detail. In section 3, the database is discussed from 

a high-level perspective, through a number of summarizing figures pinpointing the most 

important insights and revealed dynamics. Section 4 highlights the value and potential 
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implications of each of the mentioned database characteristics, from the perspective of various 

conversion factor applications. Section 5 concludes with a summarising recap and reflection on 

the enabled future research. 

 

2. Materials and Methods 

2.1. Overview 

The methodology used to generate the conversion factor database consists of three main parts. 

The first and most important part is the development of a unit commitment economic dispatch 

(UCED) model to simulate the future European electricity system. In section 2.2, the basic 

structure of the model and its features are explained, as well as the applied scenario framework. 

The goal of this detailed explanation is not only to allow for a correct interpretation of the 

results, but also to enable anyone who is interested to replicate the model – supporting future 

research in which there is a need to rigorously simulate the future European electricity system. 

The output of the UCED model lays the foundation for the calculation of the conversion factors, 

but in order to correctly take into account imports, another methodological step is required. This 

step is explained in section 2.3, in which a flow tracing technique is innovatively applied to the 

output of the UCED model. Flow-tracing disaggregates the flows across the European network 

and determines – for each country and for every timestep – where the electricity it is importing 

was generated. Finally, section 2.4 explains how the output of the UCED model and the flow-

tracing technique is translated into conversion factor values. This includes an explanation of 

how both ‘average’ and ‘marginal’ conversion factors are calculated, as well as why (and how) 

two varieties of PEF values are calculated. Figure 1 presents a structural overview of the 

methodology, graphically illustrating the connection between the following sections (2.2-2.4) 

as well as the final output of this exercise, namely the generated conversion factor database and 

the accompanying results and discussion sections. 

 

Figure 1: Structural overview of the methodology, results and discussion 

 

 



84 
 

2.2. UCED model 

A state-of-the-art UCED model is developed, to simulate the hourly dispatch of electricity 

generators in the future European electricity system. It includes 28 countries, namely 25 EU 

Member States (all but Malta and Cyprus), supplemented with Norway, Switzerland and the 

United Kingdom (UK). Model parameters are based on the scenarios established by the 

European Network of Transmission System Operators for Electricity (ENTSO-E), in its latest 

Ten Year Network Development Plan (TYNDP) 2020 report [54]. The report includes three 

scenarios. One covering the years 2025, 2030 and 2040, and two covering only the years 2030 

and 2040. The former is called “National Trends” (NT), while the latter two are called 

“Distributed Energy” (DE) and “Global Ambition” (GA). These scenarios lay the foundation 

for a rigorous analysis of future conversion factors, covering a variety of potential directions in 

which the European system could evolve. While the NT scenario is compliant with the national 

energy and climate plans (NECPs), the DE and GA scenarios are compliant with the 1.5°C 

target of the Paris Agreement and take into account the EU’s 2030 targets. 

In addition to 28 country nodes, the UCED model contains 59 interconnecting lines, as shown 

in Figure 2. The transmission grids within countries are assumed to be ‘copper plates’ and the 

interconnecting lines between any pair of two countries are aggregated (while, in practice, 

multiple separate lines may exist across the geographical border). These simplifications are 

necessary to keep the simulations computationally manageable, and because the ENTSO-E 

scenarios do not contain detailed representations of the national transmission grids (let alone 

distribution grids). Moreover, the goal of the UCED model is to estimate conversion factors at 

the national level – to support policy and technical analyses in need of them. The model’s focus 

therefore lies in accurately capturing national dispatching dynamics across 28 European 

countries. Both seasonally and at the hourly11 level, while taking into account imports and 

exports. 

 

 

 

 

 

                                                      
11 The hourly temporal resolution is itself chosen because this is the resolution of the ENTSO-E 

electricity demand and renewable energy capacity factor profiles [54]. Sufficient input data at higher 

temporal resolutions is unfortunately unavailable, e.g. to simulate electricity markets clearing at 15-

minute intervals. 
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Figure 2: Geographical scope of the UCED model.  

 

Note: Dotted lines represent transmission connections that are not (yet) built in every scenario-year. Cross-

border exchanges with the surrounding area (e.g. Russia, Turkey and the non-EU countries in the Balkan region) 

are neglected, given the fact they are responsible for less than 1% of electricity consumed in the modelled region 

[55]. 

 

There are four motivations for choosing ENTSO-E’s scenarios to populate the model with 

appropriate parameters. First of all, the scenarios represent the combined expertise of 42 

Transmission system operators, each contributing their own detailed knowledge about the 

electricity demand and generation capacities within their respective control areas. Secondly, the 

development of the TYNDP 2020 scenarios is supported by a substantial process of stakeholder 

consultation. Non-governmental organisations, various market parties and academics are all 

involved in reviewing and adapting the assumptions and hypotheses that go into the scenarios. 

Together with ENTSO-E’s considerable in-house expertise, this guarantees a best-possible 

effort to rigorously forecast the future European electricity system. Thirdly, the ENTSO-E 

scenarios contain the most expansive and detailed set of internally consistent assumptions and 

input variables: 

 

• Installed capacities for an exceptionally disaggregated set of technologies (Table 1), 

including 15 types of gas plants and 12 types of coal plants12 

                                                      
12 This avoids excessive aggregation of electricity generation technologies, in contrast to other available 

sources of similar parameters. For example, the EU PRIMES scenarios aggregate technologies on a per-

fuel basis and the EU-METIS scenarios only disaggregate two types of gas technologies and two types 

of coal technologies [93,94]. Given the fact that old (legacy) plants have considerably lower conversion 
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• Detailed technical characteristics for every technology (including conversion 

efficiencies, start-up costs, start-up fuel consumption, variable operation and 

maintenance costs, minimum up times, minimum stable generation levels, maintenance 

requirements, forced outage rates and CO2 emissions factors) 

• Hourly profiles for electricity demand and electricity generation by wind, solar and 

hydro technologies in every country (for 2025, 2030 and 2040) 

• Net transfer capacities of the transmission lines interconnecting countries 

• Fuel and CO2 prices (Table 2) 
 

Finally, the ENTSO-E scenarios contain both forecasts based on policies as well as least-cost 

optimisation. The NT scenario primarily consists of a ‘best estimate’ of how the European 

system will evolve if all current and announced policies are implemented, while the DE and 

GA scenarios primarily rely on a ‘least-cost’ investment optimisation model to determine model 

parameters like installed capacities per generation technology and net transfer capacities. The 

value of the ‘best estimate’ approach lies in its consideration for the observed and expected 

constraints on the speed and realisation of the energy transition. Meanwhile, the ‘least cost’ 

approach is more in line with established forecasting methods in the literature [56]. It presents 

a picture of a more ideal European system – both in terms of total costs and CO2 emissions – 

which could be realised with additional policies. 

For each of the included countries, the model contains a detailed representation of both the 

demand and supply sides. On the demand side, the hourly electricity profiles take into account 

expected trends in both the ‘traditional’ electricity demand as well as the proliferation of heat 

pumps and electric vehicles. Given the variety of assumptions, the demand profiles vary across 

the three scenarios. Detailed information about how ENTSO-E produced the demand profiles 

can be found in the TYNDP 2020 methodology report [57]. On the supply side, evolutions in 

the installed capacities of all electricity generation technologies are considered – with a ‘best 

estimate’ as well as a ‘least cost’ approach (as explained above). In both cases, the projected 

phase-outs of coal and nuclear technologies (in certain countries) are considered as well. 

Moreover, it should be noted that all of the scenarios contain a sharp increase in renewable 

energy generation across Europe – although the precise amount differs from country to country. 

In [59], the current differences across European countries in terms of their renewable energy 

development are explored in detail, which can serve as a background to the developments that 

are forecasted in the scenarios simulated with the UCED model. 

 

                                                      
efficiënties than their modern counterparts, these aggregations can be expected to negatively affect the 

estimation of (hourly) conversion factors. 
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Table 1: Overview of technologies included in the UCED model. 

Gas-based Coal-based Oil-based 

Gas CCGT CCS Hard coal new Heavy oil old 1 

Gas CCGT new Hard coal new Bio Heavy oil old 1 Bio 

Gas CCGT new CCS Hard coal old 1 Heavy oil old 2 

Gas CCGT old 1 Hard coal old 1 Bio Light oil 

Gas CCGT old 2 Hard coal old 2 Oil shale new 

Gas CCGT old 2 Bio Hard coal old 2 Bio Oil shale new Bio 

Gas CCGT present 1 Lignite new Oil shale old 

Gas CCGT present 1 CCS Lignite old 1  

Gas CCGT present 2 Lignite old 1 Bio  

Gas CCGT present 2 CCS Lignite old 2  

Gas conventional old 1 Lignite old 2 Bio  

Gas conventional old 2   

Gas conventional old 2 Bio   

Gas OCGT new   

Gas OCGT old   

 

Weather dependent 

 

Other 

Solar Nuclear 

Solar Thermal Battery 

Wind offshore DSR 

Wind onshore Other non-RES 

Hydro PS (closed) Other RES 

Hydro PS (open)  

Hydro Reservoir  

Hydro RoR  

Note: The disaggregation of technologies is explained in the ENTSO-E TYNDP 2020 reports [54,57,58]. 

 

To simulate the dispatch of electricity generators as accurately as possible, the characteristics 

of all generation technologies are maximally taken into account. Weather-dependent 

technologies like wind, solar and run-of-river hydro are considered on a country-by-country 

basis. They are essentially modelled as ‘free’ generators, and are therefore dispatched according 

to the hourly capacity factor profiles. These are based on historical weather data (as observed 

by satellites), but also considering technological improvements. For example, the profiles for 

offshore wind have higher capacity factors in 2030 than in 2025, reflecting the fact that offshore 

windmills become better over time at capturing the available wind. 
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Table 2: Fuel and CO2 prices in the TYNDP 2020 scenarios. 

(€/GJ)  NT.2025 NT.2030 NT.2040  DE.2030 DE.2040  GA.2030 GA.2040 

Gas  6.46 6.91 7.31  6.91 7.31  6.91 7.31 

Hard 

coal 

 3.79 4.30 6.91  4.30 6.91  4.30 6.91 

Heavy 

oil 

 13.26 14.63 17.21  14.63 17.21  14.63 17.21 

Light oil  18.80 20.51 22.15  20.51 22.15  20.51 22.15 

Lignite  1.10 1.10 1.10  1.10 1.10  1.10 1.10 

Nuclear  0.47 0.47 0.47  0.47 0.47  0.47 0.47 

Oil shale  2.30 2.30 2.30  2.30 2.30  2.30 2.30 

           

(€/tonne)  NT.2025 NT.2030 NT.2040  DE.2030 DE.2040  GA.2030 GA.2040 

CO2  23 28 75  53 100  35 80 

Note: Fuel prices do not differ across scenarios. Details on the methodology used by ENTSO-E to determine 

CO2 prices can be found in [57]. The modelling approach with respect to biofuels is explained in Appendix A. 

 

Reservoir hydro also deserves careful attention, because it represents a significant share of total 

electricity production in several European countries (including Austria, Switzerland, Norway 

and Sweden). However, correctly simulating its role in the overall dispatch is challenging due 

to several aspects related to its complex nature. These include the size of the reservoirs and 

volumes of water they contain at the start of the simulation, as well as the natural inflows of 

water that occur throughout the year. Our model includes these elements, based on parameters 

found in the specialised hydro-database released by ENTSO-E [60]. 

The full simulation of the UCED model consists of three stages, whereby the output of each 

one feeds into the next. First, the model starts by considering the typical maintenance needs of 

every generator unit in the system, and optimally schedules maintenances across the year. Then 

the full year is simulated at once, applying only the linear optimisation constraints and using a 

low temporal resolution of four time periods per day13. This determines the optimal storage and 

utilisation of energy in the hydro reservoirs across the year. Finally, the hourly simulation is 

executed in full detail. This consists of a mixed integer program (MIP), in which the 

optimisation objective is to minimise the total cost of electricity generation. Technical 

constraints of the generators and interconnection lines need to be respected and a high cost is 

associated with failing to meet the hourly electricity demand in any particular country. Further 

details on our UCED model are provided in Appendix A, which includes both a more 

                                                      
13 Similar to the final phase, this simulation performs both unit commitment as well as economic 

dispatch. Typical examples of linear optimization constraints are a generator’s maximum generation 

capacity, starting costs and variable O&M costs. When MIP constraints like a minimum stable 

generation level or minimum up and down times are excluded, the simulation remains a linear 

optimization problem – which is easier to solve, but ignores dispatching dynamics that are important at 

the hourly level. 
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comprehensive explanation of some of the modelling aspects already explained, as well as 

additional information about the modelling of non-renewable technologies and the applied 

simulation tool (PLEXOS14). 

 

2.3. Flow Tracing 

To estimate future national conversion factors taking into account imports from other countries, 

the UCED model on its own is not sufficient. The output of the UCED model is limited to the 

generation by each technology in every country, as well as the flows on the interconnecting 

lines – for every hour. In itself, this does not reveal where the electricity consumed in each 

country was produced. For example, Portugal may be importing from Spain, but this electricity 

may have been (partially) produced in France. To estimate a conversion factor of electricity 

consumed in Portugal (e.g. its CO2 intensity), information is required about how much of the 

imported energy was generated in Spain, France and elsewhere in Europe. It is a feature of any 

traditional UCED model that it cannot produce such information on its own. 

A technique called flow tracing is required to find out where the electricity imported and 

consumed in any given country was effectively produced. This allows conversion factors to be 

distinguished from two perspectives. From a production perspective, conversion factors only 

consider the electricity produced within a given country. From a consumption perspective, 

conversion factors consider the electricity imported from other countries as well. For example, 

while the electricity produced in Belgium may have a CO2-intensity of 100 kg/MWh, electricity 

consumed in Belgium may have a CO2-intensity of 200 kg/MWh, if 50% of electricity is 

imported from a country with a more carbon-intensive electricity production mix (300 

kg/MWh)15. Figure 3d illustrates how production- and consumption-perspective values can 

differ from each other on an hourly basis. 

Several recent studies have already adopted the flow tracing technique and explained it in detail 

[61–65]. As described in these studies, flow tracing essentially consists of creating and solving 

a system of linear equations, in which there are a number of known and unknown variables. 

The known variables are the electricity generation and demand in every country, as well as the 

flows on every interconnecting line (i.e. the output parameters of the UCED model). The 

unknown variables are the shares of each country’s electricity generation in every total line 

flow. Solving this system of equations could for example reveal that a total of 1.000 MWh being 

                                                      
14 https://energyexemplar.com  

15 To take into account cumulative grid-losses of 10% across transmission and distribution – as proposed 

by [24] – consumption perspective values are multiplied by a factor of 1.1. 

https://energyexemplar.com/


90 
 

imported by Portugal from Spain, consists of 600 MWh produced in Spain, 300 MWh produced 

in France and 100 MWh produced in Belgium. Figure 3c visualizes this type of disaggregation. 

 

Figure 3a: Electricity generation, imports and exports in Belgium (NT.2030) 

 

 

Figure 3b: Imports, exports and net imports in Belgium (NT.2030) 

 

 

Figure 3c: Flow-traced disaggregation of net imports by Belgium (NT.2030) 

 

 

Figure 3d: Hourly conversion factors in Belgium (NT.2030) 
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In its entirety, Figure 3 provides an overview of the functioning of the UCED model and the 

application of the flow tracing technique for an illustrative period of ten days. The electricity 

generation taking place in Figure 3a is translated directly into the production perspective 

conversion factors shown in Figure 3d. Meanwhile, net imports shown in Figure 3b are 

disaggregated using flow tracing (Figure 3c), to derive the consumption-perspective conversion 

factors shown in Figure 3d – which also shows how the estimated hourly PEFs can differ, 

depending on the applied calculation methodology (section 2.4). 

Flow tracing requires that two assumptions are made. The first is a simplified interpretation of 

Kirchhoff’s current law, namely that the sums of all incoming and outgoing flows at any given 

(country) node must be equal to each other (Figure 4). The second assumption is the principle 

of proportional sharing between incoming and outgoing flows at any node. This means that all 

incoming flows are evenly ‘mixed’ at the node, and spread across the outgoing flows. 

Figure 4 depicts a generic country node N, accompanied by a number of incoming and outgoing 

flows. At every such country node, the sums of incoming (green) and outgoing (red) flows must 

always be equal. Incoming flows originate first and foremost from the electricity production by 

country N’s regular generators (Pn) and storage generators (Sn). Batteries and pumped hydro 

technologies are both examples of storage generators. Other incoming flows come from the 

interconnecting lines between N and other countries. For example, there may be an incoming 

flow on the interconnecting line with country M (Lm->n). All incoming flows are evenly mixed 

and spread proportionally across the different outgoing flows. These are the electricity demand 

in country N (Dn), the electricity demand from large-scale storage generators in country N (Sn) 

and the outgoing flows on interconnecting lines – for example towards country K (Ln->k). 

 

Figure 4: Nodal balance of physical electricity flows 

 

 

Previous studies have only applied the flow tracing technique to historical electricity generation 

data, to determine the differences between production and consumption perspective CO2 

intensities across Europe for the year 2017, and across the United States for the year 2016 

[63,65]. However, flow tracing can also be applied to the output of UCED simulations of future 
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electricity system scenarios . In fact, the increasing interconnectivity and cross-border trade 

within the future European electricity system makes it even more relevant to apply flow tracing 

and consider conversion factors from a consumption perspective. Moreover, the fact that 

previous flow-tracing studies have only focussed on CO2 intensities forms another limitation 

[63,65], given the fact that it is equally relevant to apply the technique to the estimation of 

primary energy factors. Similar to the fact that it is worth knowing the consumption perspective 

CO2 intensity associated with charging an electric vehicle, it is worth knowing the consumption 

perspective PEF when the primary energy use associated with a building is estimated. To  the 

author’s best knowledge, the present study is not only the first one to apply flow-tracing to 

future scenarios for the European electricity system, but also the first one to use the technique 

to calculate both CO2 intensities and PEFs from a consumption perspective. 

 

2.4. Calculation of conversion factors 

2.4.1. Average values 

Average conversion factors relate to the entire electricity mix. They are calculated according to 

the following formula, using PEF as an example (the method for CO2 intensities is analogous): 

𝑃𝐸𝐹𝑖,𝑡 =
∑(𝑃𝑗,𝑡 .  𝑃𝐸𝐹′𝑗)

𝑇𝑃𝑖,𝑡
 (1) 

The PEF for electricity produced in country i, timestep t, is calculated as a weighted average, 

taking into account the electricity production (P) by each generator j that is located in the 

country, its respective technology-related PEF (PEF’), and the total electricity production in the 

country (TP). In the case of a consumption perspective, net import is considered as an additional 

technology – the conversion factor of which is found through flow tracing (section 2.3) – and 

TP is replaced with total consumption.  

Conversion factors can be calculated for any timestep, including hours, seasons or the entire 

simulated year. They can also be calculated for the UCED model’s 28-country region in its 

entirety. In each case, the share of every generation technology in the total amount of electricity 

– formula (1)’s denominator – is accurately taken into account. This means that a yearly 

conversion factor is not simply the average of hourly values across the year, and a European-

level conversion factor is not simply the average of national values. Extrapolations across both 

time and space are appropriately weighed. 

Table 3 presents an overview of the assumptions used for each technology. For thermal 

generation technologies, the PEF is based on the conversion efficiency. For example, the PEF 

for nuclear is 3, based on the assumed conversion efficiency of 33% (1/0.33 = 3), meaning that 
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3 units of primary energy are consumed for every unit of electricity produced by nuclear 

generation units in the UCED model. 

 

Table 3: CO2 intensities and primary energy factors per technology 

Technology CO2 intensity 

(kg/MWh) 

PEF  

(MWhp/MWhe) 

Nuclear 0 3.0 

Gas CCGT new 342 1.7 

Gas CCGT old 1 513 2.5 

Gas CCGT old 2 428 2.1 

Gas CCGT present 1 366 1.8 

Gas CCGT present 2 354 1.7 

Gas conventional old 

1 
570 2.8 

Gas conventional old 

2 
500 2.4 

Gas OCGT new 489 2.4 

Gas OCGT old 586 2.9 

Hard coal new 736 2.2 

Hard coal old 1 967 2.9 

Hard coal old 2 846 2.5 

Lignite new 790 2.2 

Lignite old 1 1039 2.9 

Lignite old 2 909 2.5 

Heavy oil old 1 802 2.9 

Heavy oil old 2 702 2.5 

Light oil 802 2.9 

Oil shale new 923 2.6 

Oil shale old 1241 3.4 

Solar, wind, hydro 0 0 or 1 

Note: The values for every technology remain constant across the simulated scenarios and timeframes (e.g. 2025, 

2030 and 2040), with the exception of the CO2 intensities of gas technologies. These are lower in the 

‘Distributed Energy’ and ‘Global Ambition’ scenarios [57]. For example, ‘Gas CCGT new’ has a CO2 intensity 

of 300 kg/MWh in the year 2030, and 157 kg/MWh in the year 2040. This reflects the partial use of low-carbon 

gas, which is included in the storylines of these scenarios. 

 

For wind, solar and hydro technologies, a PEF value of either 0 or 1 can be chosen. Both options 

are methodologically valid, although a value of 1 is chosen most often [66]. The associated 

debate revolves around the question of whether or not a unit of primary energy is ‘consumed’ 

(in the same sense of a thermal generator consuming its fuel) when a wind, solar or hydro 
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generator produces a kWh of electricity16. Due to the large impact of this methodological choice 

on the overall PEF of electricity – especially in future scenarios with a higher penetration of 

renewables – results are generated using both options (section 3.6). 

For the technologies left out of Table 3, the following assumptions are made – in line with the 

TYNDP 2020 scenarios . Bio varieties are assumed to have a PEF equal to their traditional 

counterparts, and a CO2 intensity of 0. Varieties using carbon capture and storage (CCS) have 

a slightly worse conversion efficiency (i.e. a slightly higher PEF) and an approximately 90% 

lower CO2 intensity. The technologies ‘Other RES’ and ‘Other non-RES’ are assumed to have 

a PEF of 2.2. In terms of CO2 intensity, ‘Other RES’ is assumed to have a value of 0, while the 

value of ‘Other non-RES’ varies between 100 and 600 kg/MWh – depending on the scenario. 

 

2.4.2. Marginal Values 

Marginal conversion factors relate to the marginal electricity generation technology. They are 

simply equal to the PEF or CO2 intensity of whichever technology is marginal during a 

particular hour. Due to the fact that the marginal technology can change from hour to hour, it 

does not make conceptual sense to estimate a marginal technology for longer time periods like 

seasons or an entire year. Neither does it make sense to distinguish between a production and 

consumption perspective. The question answered by a marginal conversion factor is “Which 

technology will adjust its electricity generation, given a change in demand?”, which – by 

definition – requires a consideration of imports. The marginal generation technology can always 

be located in a different country. 

To derive the marginal technology during every hour of the UCED simulations, the wholesale 

price in every country can be used as a proxy. Whenever a country is importing electricity, the 

marginal and price-setting technology is located in a different country. This is the nature of the 

locational marginal pricing algorithm, which is used in the UCED model to reflect real-life 

wholesale pricing to a satisfactory degree. Every technology in the UCED model has its own 

unique marginal generation cost, due to the combination of conversion efficiencies, variable 

operation and maintenance (O&M), fuel and CO2 costs. 

The UCED model’s precise disaggregation of technologies is valuable in this context, because 

it enables a wider variety of marginal conversion factors to be identified. This is more in line 

with reality and allows for a more precise optimization of controllable electricity demand by 

individual market participants. If, for example, the applied UCED model would aggregate all 

                                                      
16 Assuming a value of 1 is called the ‘direct equivalent’ or ‘physical energy content’ method, which is 

used by Eurostat and the IEA [66]. Assuming a value 0 is called the ‘zero equivalency method’, which 

is sometimes used in the building-related energy literature [25,27,30,95]. 
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“gas” technologies, then the derived marginal conversion factors would be extremely unprecise. 

As shown in Table 3, a variety of CO2 intensities and PEFs are associated with gas-based 

generation technologies. 

 

3. Results 

3.1. Overview 

Given the combination of 28 countries, seven scenario-years17, and nine varieties18 of CO2 

intensities and PEFs, the total output contains approximately 15 million hourly conversion 

factor values. The following sections provide a summarizing overview of these values – 

focussing on a number of figures that highlight important findings. An exhaustive discussion 

and explanation for every result is infeasible within the constraints of the present paper, which 

is why several of the figures in this section are limited to an illustrative subset of the 28 countries 

contained in the UCED model. However, the complete output database is made publicly 

available so it can be examined in full detail by anyone interested in specific conversion factors 

(e.g. for a particular country in a particular scenario-year)19. 

Sections 3.2 to 3.6 discuss average conversion factors (which consider the entire electricity 

mix). Unless explicitly stated otherwise, all the discussed values of conversion factors represent 

a consumption perspective (whereby the influence of imported electricity is taken into account). 

Moreover, all PEF values discussed in sections 3.2 to 3.5 are estimated assuming a value of 1 

for hydro, wind and solar. PEF results where the less conventional value of 0 is assumed, are 

discussed separately in section 3.6. Marginal conversion factors are also discussed separately, 

in section 3.7. 

 

3.2. General future evolution of conversion factors across Europe 

Yearly conversion factors can be expected to decrease significantly between 2025 and 2040 – 

mainly driven by the increasing electricity generation by wind and solar technologies – although 

                                                      
17 The term ‘scenario-year’ is used to refer to the simulation of a particular combination of a scenario 

(e.g. ‘National Trends’) and a simulated future year (e.g. 2025). The full list of scenario-years is 

NT.2025, NT.2030, NT.2040, DE.2030, DE.2040, GA.2030 and GA.2040. 

18 First of all, there are two varieties of PEF (cf. section 2.4.1), leading to a sub-total of three conversion 

factor varieties. Secondly, average and marginal varieties of each three exist, leading to a sub-total of 

six. Finally, the average varieties can be further distinguished into values from a production or a 

consumption perspective (cf. section 2.4), leading to a total of nine. 

19 The complete conversion factor database can be found on the following URL: http://bit.ly/3uCLx0x. 

http://bit.ly/3uCLx0x


96 
 

we find a considerable heterogeneity across individual countries (Figures 5a and 5b). Countries 

are grouped according to similar values, so differences across scenario-years can be clearly 

distinguished. In the year 2025, a number of countries have CO2 intensities that are already 

below 50 kg/MWh while others range between 300 and 600 kg/MWh. All CO2 intensities 

decrease dramatically by the year 2040, although in some cases (Czechia, Greece and Poland 

in NT.2040) values are still higher than those of others in 2025 (Norway and Sweden). A similar 

dynamic is observed in the case of PEFs. 

For the years 2030 and 2040, the three scenarios provide insight into the uncertainty of the 

conversion factor estimates. For many cases, uncertainty is limited – for example in the case of 

PEFs for Germany, Belgium, Spain, Italy, and the UK. In other cases, uncertainty is rather high 

– for example, the CO2 intensity for Czechia. For the year 2030, it is as high as 360 kg/MWh 

in the National Trends scenario, but as low as 134 kg/MWh in the Distributed Energy scenario. 

This can be explained by the difference in installed capacities for solar PV (4900 MW in 

NT.2025 versus 10500 MW in DE.2030). 

 

Figure 5a: Yearly CO2 intensity values across seven scenario years 

 

Figure 5b: Yearly PEF values across seven scenario years 

 

 

In addition to the general trend in terms of yearly conversion factors, changes are also found in 

terms of the distribution of values within each year (Figures 6a and 6b). As indicated by the 
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sample of countries, this is another way in which conversion factors vary significantly across 

Europe. All hourly values are plotted as duration curves, meaning that they are ordered from 

large to small. This shows that the CO2 intensity in Belgium is close to 0 kg/MWh for 

approximately 70% of the time in DE.2040 and GA.2040. Across scenarios, the duration curves 

for a particular year mostly overlap, with a few exceptions. Namely, in the case of CO2 

intensities for Ireland, and PEFs for France. Here as well, differences can be attributed to the 

installed capacities assumed in each scenario. For example, the cumulative capacity of wind 

and solar technologies in France is 127 GW in NT.2040, 99 GW in GA.2040, and 174 GW in 

DE.2040. An alternative way of visualizing the distribution of values within each year – which 

is useful to derive further insights into the results – is presented in Appendix B. 

 

Figure 6a: Duration curves of average hourly CO2 intensity values for seven scenario years 

 

Figure 6b: Duration curves of average hourly PEF values for seven scenario years 

 

 

3.3. Seasonal variability of conversion factors 

Conversion factors can fluctuate on a seasonal level, due to changes in the electricity generation 

mix throughout the year. Across countries, electricity demand may peak in either winter or 

summer, depending (among other things) on peaks in the heating and cooling needs of national 

buildings stocks. On the supply side, solar generation peaks in summer while wind generation 

typically peaks in winter (Figure 7). The combined effect of seasonal dynamics on the demand 

and supply sides differs from country to country. Moreover, countries can strengthen or 
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counteract these effects through imports and exports – which show a degree of seasonality 

themselves (Figure 8). 

 

Figure 7: Electricity generation mix in winter and summer 

 

 

Figure 8: Imports and exports in winter and summer.  

 

Note: To improve comparability across countries, cumulative amounts of (net) import and export are expressed 

as a share of cumulative demand in the respective period 

 

In terms of CO2 intensities, strong seasonal dynamics are observed in several countries (Figure 

9a). For example, Danish hourly values show more variability and are higher on average in the 

winter than in the summer (NT.2025) – which is explained by differences in the generation by 

coal and gas technologies. In Spain on the other hand, the CO2 intensity is higher – on average 

– in the summer (NT.2025). Cumulatively, Spanish renewables cover a smaller share of demand 

in the summer, while the share covered by gas-based generators is higher. Both Belgium and 

The Netherlands only show a limited seasonality in NT.2025, but a large one in NT.2040. For 
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Greece and Poland, the overall drop in CO2 intensities – from NT.2025 to NT.2040 – is a lot 

more pronounced than the changes to their seasonality. 

 

Figure 9a: Distribution of hourly CO2 intensity values in winter and summer periods.  

 

Note: Countries are grouped according to relative values, to optimize comparability across 2025 and 2040. 

Bottom grey = P5-P25, coloured area = P25-P75, top grey = P75-P95, white dot = average value 

 

Seasonal dynamics can also be observed in the case of PEFs (Figure 9b). Here as well, changes 

in the electricity mix result in values that are higher in the summer (as in Greece) or the winter 

(as in Poland). The degree of variability within each season is different across countries here as 

well. While Belgian PEF values are more variable in the summer (NT.2025), German and 

Danish values are more variable in the winter. Meanwhile, French values decrease significantly 

for both seasons between NT.2025 and NT.2040. They also become a lot more variable, 

especially in the winter. 

 

Figure 9b: Distribution of hourly PEF values in winter and summer periods 

 
Note: For explanation, see Figure 9a. 
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3.4. Hourly variability of conversion factors 

Figure 3 (a-d) illustrates the translation from the output of the UCED model and the flow tracing 

technique to hourly CO2 intensities and PEFs for a sample period of ten days (Belgium in the 

scenario-year NT.2030). As shown in the bottom part of the figure (3d), hourly conversion 

factors can fluctuate heavily on an hourly basis – although they can also remain relatively stable 

for a period of several days. Due to the combination of three phenomena, hourly conversion 

factors typically do not exhibit repetitive patterns. Namely, the variability of load, imports and 

renewable energy generation (especially from wind, which does not have a repetitive daily cycle 

like solar). 

In theory, an isolated country that does not make use of renewable electricity technologies – 

instead using only a combination of traditional controllable technologies (e.g. nuclear, coal and 

gas) – can be expected to have conversion factors correlating heavily with the hourly load. 

However, this type of correlation is almost completely missing in the interconnected future 

European electricity system (Figure 10). Within such a system, conversion factors only 

correlate clearly with residual load. As shown for Poland, Germany and Denmark, hours in 

which wind and solar technologies are covering a large part of the national load (i.e. hours with 

a low residual load) correlate with low CO2 intensities and PEFs – and vice versa. 

In terms of repetitive daily patterns in hourly conversion factors, the primary element to 

consider is the generation of solar technologies. Countries with a significant share of solar PV 

experience distinctive patterns – especially in the summer (Figure 11). For example, Spanish 

conversion factors are consistently lower during midday hours in the summer. On the other 

hand, countries in which the dominant renewable energy source is wind energy – which 

typically peaks in the winter – do not experience daily patterns to the same degree. For example, 

Dutch conversion factors are highly variable in almost every hour of the day (as shown in the 

winter period) – in NT.2025 as well as NT.2040. The hourly variability of wind generation does 

not have a distinctive daily cycle, unlike solar. 
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Figure 10: Distribution of hourly conversion factors as a function of (residual) load 

 

Note: In the case of residual load, negative values can occur. Namely when the cumulative generation of wind 

and solar technologies is higher than the hourly load. Excess renewable generation is typically exported, or 

curtailed if necessary 

Figure 11: Distribution of hourly conversion factors across the 24h daily cycle 

 

Note: Bottom grey = P5-P25, green area = P25-P75, top grey = P75-P95, black dot = average value. 

 

3.5. Impact on conversion factors of taking into account imports 

As discussed in section 2.3, conversion factors cannot only be calculated from a production 

perspective – in which only the electricity production within a given country is considered – 

but also from a consumption perspective – in which imported electricity (and how it was 

generated) is also taken into account. While the former can be calculated purely from the output 

of the UCED model itself, the latter is calculated using the explained flow tracing technique. 

Taking into account imports can have a significant effect on yearly conversion factors, although 

the degree to which differs from country to country and across different scenario-years (Figures 

12a and 12b). For most countries, both CO2 intensities and PEFs tend to increase when imports 

are taken into account, with a few notable exceptions. For example, the CO2 intensity in 
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Belgium (NT.2025) is 195 kg/MWh from a production perspective, but only 145 from a 

consumption perspective (-26%) – largely due to imported electricity from France. 

 

Figure 12a: Impact on yearly CO2 intensity values of taking into account imported electricity 

 

Figure 12b: Impact on yearly PEF values of taking into account imported electricity 

 

 

Whether or not it is important for a country to take imports into account, sometimes depends 

on the considered conversion factor. For example, the Hungarian CO2 intensity in NT.2040 is 

increased from 16 to 22 kg/MWh, which can presumably be ignored because the CO2 impact 

at such a low intensity is negligible. But the Hungarian PEF is decreased from 2.3 to 1.8 

MWhp/MWhe, which can have a considerable impact on the primary energy estimation for a 

building, especially if it uses an electricity consuming heat pump. As another example, the PEF 

in Estonia is only decreased from 2.2 to 2.1 MWhp/MWhe by taking into account imports 

(NT.2025), but the CO2 intensity is decreased from 426 to 262 kg/MWh. Such a change has 

significant consequences when calculating the CO2 emissions associated with an individual 

electric load, like the charging of an electric vehicle. 

Differences between production and consumption perspective conversion factors mainly 

depend on two things. Namely, whether a country imports a lot of its consumed electricity, and 

whether there are stark differences (in terms of conversion factors) with the countries it imports 
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from. Countries differ significantly in terms of how much they import. For example, Belgium 

is typically a net importer, while France is a net exporter (as indicated by Figure 8). Total cross-

country exchanges of CO2 and primary energy are discussed in Appendix C. 

 

3.6. Impact of the assumed value for hydro, wind and solar on overall PEFs 

Assuming a value of 0 instead of 1 MWhp/MWhe in the calculation of the overall PEF of 

electricity is found to have a significant impact (Figure 13). On an hourly basis, the average 

PEF is sharply reduced, and its variability is increased. This is especially the case in the 

scenario-years with a higher penetration of renewables. For example, in The UK the average 

drops from 1.6 to 0.9 MWhp/MWhe. Meanwhile, the range between the 5th and 95th percentile 

values changes from  1.1P5 - 2.0P95  to  0.2P5 - 1.6P95 MWhp/MWhe (NT.2040). The higher 

variability is also illustrated for Belgium in Figure 3d (NT.2030). As the generation by wind 

technologies fluctuates throughout the sampled ten-day period, the hourly conversion factor 

profiles fluctuate more intensely as well. 

Figure 13: Difference in PEF hourly values depending on the assumed PEF for hydro, wind and solar  

 

Note: Bottom grey = P5-P25, coloured area = P25-P75, top grey = P75-P95, white dot = average value. 

 

3.7. Marginal conversion factors 

Marginal conversion factors are significantly higher than average ones (Figure 14a and 14b). 

The number of unique hourly values is also limited by the number of potentially marginal 

technologies, resulting in more discrete duration curves. In several countries, national 

dispatching and importing dynamics need to be considered carefully to explain the marginal 

conversion factor profiles.  

N
T.

2
0

2
5

N
T.

2
0

4
0

A
ss

u
m

in
g 

a 
P

EF
 o

f 
1

A
ss

u
m

in
g 

a 
P

EF
 o

f 
0

0

1

2

3

AT BE BG CH CZ DE DK EE ES F I FR GR HR HU I E I T LT LU LV NL NO PL PT RO SE S I SK UK

MWhp/

MWhe

0

1

2

3

AT BE BG CH CZ DE DK EE ES F I FR GR HR HU I E I T LT LU LV NL NO PL PT RO SE S I SK UK



104 
 

In Belgium, the marginal CO2 intensity in NT.2030 is 0 kg/MWh for approximately 50% of the 

time, which results from a combination of hours in which wind, solar, biomass or nuclear 

technologies are marginal. In the case of nuclear, the Belgian marginal CO2 intensity is often 

set by importing from France. Meanwhile, France is found to have significantly fewer hours in 

which nuclear is the marginal technology in NT.2025 (compared to the other scenario-years). 

This can be explained by the fact that NT.2025 contains less wind and solar generation. In the 

other scenario-years, these renewable technologies more frequently push fossil technologies 

out of merit, resulting in French nuclear generators becoming marginal most of the time. 

Finally, marginal PEFs in Germany tends to increase over time, especially in the Distributed 

Energy and Global Ambition scenarios. This implies that the dynamics in these scenarios result 

in nuclear and fossil technologies with a high PEF value being marginal more often in Germany. 

 

Figure 14a: Duration curves of marginal hourly CO2 intensity values for seven scenario years 

 

 

Figure 14b: Duration curves of marginal hourly PEF values for seven scenario years 

 

 

4. Discussion 

4.1. Overall value of the results 

The variability of conversion factors across time and space confirms the added value of the 

applied spatiotemporal scope. The estimated CO2 intensities and PEFs can be used in a variety 

of future research. For example, calculations about the CO2 emissions associated with charging 
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an EV or about the primary energy use of an individual building can choose from a multitude 

of available conversion factors, analysing the differences they make in the results. Additionally, 

conversion factors for different timeframes or countries can be used, or a choice can be made 

between average and marginal values, or between production and consumption perspective 

values. 

Moreover, the variability of conversion factors for a particular year (e.g. 2030) confirms the 

importance and added value of the applied scenario approach. It captures the existing 

uncertainty around the values for a particular future year, enabling a more robust analysis 

whenever conversion factors are used. Calculations about CO2 emissions and primary energy 

use can generate a range of results using the values from different scenarios.  

As an example, future CO2 intensities for several European countries could be used to calculate 

the CO2 emissions associated with the operation of HPs and EVs in the years 2030 and 2040. 

Previous studies have already calculated the CO2 emissions that are associated with such 

applications, but they were either limited to a single country [31,34,43], failed to consider the 

expected future evolutions in conversion factors [4,9,28,67], or both [23,24,29,41]. By using 

the presented conversion factor database, these kinds of limitations could more easily be 

avoided in future research. 

 

4.2. Potential implications of specific results 

4.2.1. Seasonal variability 

The presented seasonal variability of conversion factors enables the responsible regulatory 

parties in European countries to consider whether seasonal values should be implemented in 

the official calculation methodologies for building primary energy use, as previously discussed 

in [32]. Countries in which PEFs are (expected to become) highly seasonal, could improve the 

accuracy of their calculation methods this way. Especially for building with PV installations – 

which primarily have an impact on the primary energy use in the summer – and heat pumps – 

which primarily have an impact on primary energy use in the winter. 

In other countries, the lack of seasonal variability is itself a useful finding. It informs those who 

are in doubt about the necessity of using seasonal values, by indicating that this may not be 

necessary in the foreseeable future. For example, in the case of UK PEFs in the year 2025, 

which are extremely similar in the summer and winter periods (Figure 9b). 
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4.2.2. Hourly variability 

The differences across countries in terms of the daily patterns of hourly conversion factors could 

have an impact on the control methods used to optimise individual loads. For example, in the 

case of an algorithm optimising the charging profile of an electric vehicle based on average 

conversion factors. In the Spanish context, such an algorithm could simply concentrate EV 

charging during the midday hours – without necessarily having to monitor the electricity 

generation system (Figure 11). In The Netherlands on the other hand, the algorithm would need 

to be fed a constant stream of real-time and forecasted conversion factors, to automatically 

concentrate EV charging in whichever hours are most suitable. The optimal daily timing of EV 

charging could be a lot more variable in the latter case than in the former. 

On a more general level, the hourly conversion factors are useful in the context of any exercise 

in which the CO2 emissions or primary energy use of a certain electrical load are estimated – if 

data on the electrical load itself is available at an hourly resolution. Previous studies indicate 

that the consideration of hourly temporal variations can have a considerable influence on the 

outcome of emissions and primary energy calculations [24–27,30,32,68–70]. For example, 

when evaluating the operation of a heat pump, given the fact that its electricity consumption is 

often skewed towards certain hours of the day. 

 

4.2.3. Impact of imports 

The results indicate that it can be of considerable importance to take into account imports in 

certain countries. Companies and municipalities interested in carbon accounting are better 

informed about the actual CO2 emissions associated with their (future) electricity consumption. 

Historically, such entities have often used national conversion factors, although the values used 

are often outdated and calculated from a production perspective [71]. Forward-looking values 

from a consumption perspective can contribute towards improving their carbon accounting 

analyses. Similarly, the fact that imports are not taken into account in a variety of previous 

academic studies (e.g. [4,5,28,38–42]) is a limitation that could be alleviated in future research 

by using the generated conversion factor database. 

 

4.2.4. Impact of PEF calculation methodology with respect to hydro, wind and solar 

As expected, PEFs are found to be a lot lower when the assumed value for hydro, wind and 

solar is 0 MWhp/MWhe – especially in the scenario-years with a high penetration of these 

renewable technologies. It is typically up to national regulators and policy makers to determine 

the PEF values that should be used in official calculation methodologies (e.g. for buildings or 

electrical household appliances). Choosing for a PEF that is calculated based on a methodology 
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that tends to result in lower values can have considerable consequences. When a very low PEF 

is used (<1) – e.g. the values for Austria and Denmark in NT. 2025 (Figure 13) – a switch from 

a fossil-fuelled heating system to a heat pump results in a dramatic decrease of a building’s 

primary energy use. However, such a low PEF also implies that a given reduction in electricity 

use (due to efficiency improvements) results in a relatively less substantial decrease in primary 

energy use. This is relevant in the context of European Member States, which are obliged to 

meet 2030 energy efficiency targets – expressed in terms of national primary energy use. 

Moreover, it is also relevant in future academic research, given the fact that the ‘alternative’ 

PEF calculation methodology (with respect to hydro, wind and solar) is typically left 

unconsidered in previous studies (e.g. [20,38,46,52]) – even though this methodological choice 

could have a significant impact on the results of primary energy calculations. 

 

4.2.5. Marginal conversion factors 

The marginal conversion factor results are especially relevant in the context of calculations that 

try to assess the CO2 or primary energy impact of a specific change in electricity demand. For 

example, the developer behind an electrolyser project aimed at producing green hydrogen could 

use the output database to calculate the associated CO2 emissions. As indicated for Belgium, 

the marginal CO2 intensity in NT.2030 is 0 kg/MWh for approximately 50% of the time (Figure 

14a). This potentially points towards an attractive opportunity to produce green hydrogen from 

marginal electricity from the grid, although the situation changes by the year 2040. 

Many of the previous academic studies in which marginal conversion factors are used do not 

consider several countries or future timeframes (e.g. [31,39,42,72,73]). Similar studies that are 

performed in the future could alleviate these limitations by using the marginal conversion 

factors that are contained in the presented database. 

 

4.3. Limitations 

The modelling approach and its results are not without their limitations. A first limitation is the 

fact that – due to the limited set of years included in the ENTSO-E scenarios – the evolution of 

conversion factors in the intermediate years remains unclear (e.g. in the years in between 2030 

and 2040). For yearly values, linear interpolation could be used as an approximation, although 

this would ignore sudden changes in any particular year – for example due to a predetermined 

phase-out calendar for a particular technology. A second limitation is the fact that the hourly 

temporal resolution – which is the best possible resolution, given the available input data – is 

insufficient for the rare conversion factor applications in which an even higher temporal 

resolution may be preferred. 
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A third limitation is the fact that the values in the output database are not ideal to calculate the 

impact of large-scale changes in electricity demand on the CO2 emissions or primary energy 

use of the electricity system in its entirety – to the degree that the changes are not captured in 

the ENTSO-E scenarios themselves. For example, an even larger roll-out of electric vehicles or 

heat pumps. Although the marginal values in the output database could be used to estimate the 

CO2 and  primary energy impacts of such roll-outs, different types of modelling tools are better 

suited for such a purpose. Namely, investment optimisation models that consider the energy 

sector in its entirety (e.g. TIMES). Such models endogenise changes in the transport and 

buildings sectors, translating them into changes to demand and generation capacities in the 

electricity sector. However – like all models – they have limitations of their own. Out of 

necessity, energy-wide investment optimization models cannot include the same level of detail 

about the operation of the electricity sector itself (compared to the presented UCED model) – 

failing to capture the seasonal and hourly dispatching dynamics that make the generated output 

database possible. 

 

5. Conclusion 

In this paper, CO2 intensities and primary energy factors are calculated using a state-of-the-art 

UCED model of the European electricity system (28 countries) – allowing for a high temporal 

resolution and a consideration of several future scenarios up to 2040. Flow-tracing was 

innovatively applied to the output of this model, to estimate both national CO2 intensities and 

PEFs that take into account imports from other countries. The generated database of conversion 

factors is made publicly available9, to help improve the evaluation of electricity consuming 

technologies, which are increasingly important due to the electrification of transport and heating 

services. Not only in future academic studies, but also in non-academic applications like the 

official calculations of the primary energy use of buildings. 

The database was analysed from a high-level perspective, revealing several important 

dynamics. First of all, both CO2 intensities and PEFs can be expected to decrease significantly 

between 2025 and 2040 – although a considerable amount of spatiotemporal variability exists. 

Taking into account these future evolutions is important to better understand the emissions and 

primary energy use of a particular asset (e.g. an EV or a  building) across its operational lifetime. 

Secondly, considerable temporal variability was found – both at the seasonal and hourly level. 

This variability is important to consider whenever an electrical load is skewed towards 

particular seasons or hours of the day. Finally, a considerable impact was found of taking into 

account imports and changing the PEF calculation method with respect to renewable 

technologies. In both cases, the estimated conversion factors differ substantially when 

compared to conventional approaches – affecting the outcome of CO2 and primary energy 

estimations for electrical loads. 
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Future research can further examine the conversion factors contained in the database, focusing 

on a particular country or dynamic. For example, delving deeper into the differences between 

production and consumption perspective values, or between average and marginal values – 

exploring the dynamics across countries and scenarios in greater detail. Another possibility is 

for the calculated conversion factors to be used in future analyses in which the sustainable 

economic development of different European countries is being estimated and compared – 

building further upon the work presented in [74]. Furthermore, the possibility could be explored 

of soft-linking with an investment-optimisation model which considers the entire energy sector 

(including the building stock, transport- and industrial sectors, etc.). Such a model could assess 

changes to electricity demand and generation capacities, for example in the case of more 

aggressive EV or heat-pump roll-outs than the ones included in the ENTSO-E scenarios. These 

changes could then be fed into the developed UCED model, to correctly simulate the dispatch 

and further update the output database of conversion factor values. 
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7. Appendices 

Appendix A: Further details on the UCED model 

Objective function, decision variables and constraints 

For every technology included in the model, the installed capacity in every country is split up 

into individual generator units according to typical unit sizes per technology. This way, the 

model includes a total of approximately 1700 generator units across Europe20. The model then 

uses a traditional unit commitment economic dispatch (UCED) approach, which is widely used 

                                                      
20 By comparison, the 28 countries included in the model contain 1911 generator units in practice, 

according to the WRI power plant database [96]. This number excludes renewable generators, of which 

there are thousands more (e.g. individual wind parks), but the UCED model aggregates these 

technologies into a single generator unit per country (e.g. “wind onshore Belgium”). 
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to simulate competitive electricity markets21. The hourly dispatch of electricity generators 

across the entire European region is determined by minimizing the objective function while 

respecting a number of constraints.  

The objective function is the sum of all operational costs as well as a cost associated with failing 

to meet electricity demand in any country (10.000 €/MWh, which is the assumed value of lost 

load). Generator operational costs include start-up costs, variable O&M costs, fuel and CO2 

costs. The decision variables are the amounts of electricity generated (in MWh) by every 

generator unit in the entire system, for every hour22. 

The hourly simulation has a time-horizon of one full year (e.g. 2030), which is split up into 365 

individual optimization problems spanning a single day with 24 hourly time steps each. These 

are executed in chronological order, whereby the state of every generator unit at the end of a 

simulated day is the starting point of the next day. 

Similar to other studies that model the dispatch of generators in the European electricity system, 

a perfectly competitive market with perfect foresight was assumed, which excludes market 

power dynamics and anti-competitive bidding strategies [75–77]. This is deemed especially 

appropriate when simulating the future European system, due to the ongoing policy and 

regulatory efforts to facilitate market integration and coupling. 

The constraints included in the optimization problem reflect the technical capabilities of the 

generators as well as the limitations on the interconnection capacities between countries. On 

the generator-side, the primary operational constraint of each generator is its maximum 

generation capacity. This is combined with a heat rate to describe its conversion efficiency. 

Although linear approaches are sometimes used in the literature, the present model also includes 

constraints which turn the simulation into a mixed integer problem (MIP). These include a 

minimum up-time and minimum down-time (both expressed in a number of hours), as well as 

a minimum generation level (expressed as a percentage of unit generation capacity). Moreover, 

the start-up cost and start-up fuel consumption of thermal generators is variable across three 

states (hot, warm and cold). Warm-up and cooling times are used to determine the state of 

generator units whenever they are activated. Finally, generator maintenance and forced outage 

rates are used to model both the expected and unexpected unavailabilities of their units 

throughout the year. 

All of the mentioned features are included in the model, for it to be as fit-for-purpose as 

possible. Namely, to rigorously estimate national CO2 intensities and primary energy factors, 

                                                      
21 For a review of studies using similar UCED models, see [56]. 

22 For the hydro and battery technologies that can store energy, the hourly consumption of electricity 

(when pumping or charging) forms an additional set of decision variables. 
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including their dynamics at the hourly level. For example, the MIP constraints avoid an 

unrealistically quick succession of start-ups and shut-downs of thermal units (e.g. nuclear power 

plants), as well as an unrealistically low generation level (e.g. generating at 10% of rated 

capacity, which is technically infeasible for thermal generators). These constraints determine 

the degree to which conversion factors can fluctuate from hour to hour. 

 

Simulation tool 

The software used to develop the model and execute the simulations is PLEXOS, a 

sophisticated power systems modelling tool widely used by industry, academia, research and 

planning agencies worldwide. PLEXOS is a commercial tool developed by Energy Exemplar23, 

but it is free to use for academic research. Many academic studies have used PLEXOS to 

examine a diverse range of topics surrounding renewable energy, generation and transmission 

expansion planning, electric vehicles and the interaction between gas and electricity supply 

[75–91]. 

At runtime, PLEXOS formulates the equations of the mathematical optimization problem using 

an embedded software tool called AMMO, which performs a similar role as other mathematical 

languages including AMPL or GAMS but is developed by Energy Exemplar. Although 

PLEXOS formulates customized equations for each generator based on the exact input data, 

generic formulations used for the main generator constraints can be found in [79]. PLEXOS is 

not a ‘black box’, since model equations can be openly viewed and verified in a transparent 

manner. In our simulations, the mathematical problem defined by AMMO is solved by the 

Gurobi 9.1 solver. 

 

Weather year selection 

For every country in the UCED model, the hourly electricity demand as well as the generation 

by weather-dependent technologies is based on historical weather conditions. Demand is 

sensitive to outside temperatures, to a degree varying from country to country. Meanwhile, 

weather dependent generators are constrained by solar irradiation, on- and offshore wind 

conditions, precipitation and natural inflows into hydro reservoirs. To make sure that the 

simulations – and the resulting conversion factors – reflect average weather conditions, the 

historical weather year 2012 was chosen for all of the abovementioned variables. Research has 

shown that this the most representative year (together with 1989), for UCED models covering 

the entire European system [77]. Selecting the weather year constitutes a deterministic 

                                                      
23 https://energyexemplar.com 
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approach, as opposed to a probabilistic one – as often used in monte carlo simulations focussing 

on security of supply24. 

 

Modelling approach for various non-traditional technologies 

As shown in Table 1, the UCED model distinguishes several bio-varieties of thermal 

technologies. As biofuel prices are not included in the TYNDP 2020 scenario reports, they are 

assumed to be in line with traditional fuel prices (e.g. solid biomass is similarly priced as coal, 

per GJ). Although this is not ideal, the most important aspect to consider in this paper is a 

realistic dispatch of every technology. As the CO2 emission factors of bio-fuelled technologies 

are lower than those of fossil-fuelled technologies, their CO2 cost is lower. Therefore, they will 

tend to be dispatched more often, which is in line with the expected generation patterns for 

biofueled technologies in Europe [57]. 

The technologies “Other RES” and “Other non-RES” correspond to small-scale biomass and 

combined heat and power plants, respectively. These are typically dispatched in a must-run 

fashion, and therefore modelled accordingly in the UCED model. To guarantee realistic 

capacity factors, values provided by ENTSO-E are applied [54]. 

The final technologies that require a specific modelling approach are batteries, demand-side 

response (DSR) and solar thermal. Battery capacities – in MW and MWh, as defined for every 

country – are dealt with in an identical matter as hydro pumped storage. Their capacity to charge 

and discharge is optimally utilized on an hourly basis, to help minimize the objective function. 

As DSR details are scarce in the TYNDP reports, it is assumed that it is only activated at times 

when balancing supply and demand is exceptionally difficult, at a marginal cost of 300 

€/MWh25 and constrained with a minimum up and down time [54,57]. Finally, the modelling 

of solar thermal – which has a significant capacity in Spain – is approached in a manner identical 

to [92]. Hourly solar irradiation data is used in combination with energy storage capacities, 

resulting in a different generation profile than traditional solar photovoltaics. 

 

Appendix B: Alternative hourly distribution figures 

Another way of visualizing the distribution of conversion factor values within each year 

facilitates further insights and comparisons between the results for different countries (Figure 

A1a and A1b). For example, by indicating that the variability of hourly CO2 intensities increases 

                                                      
24 However, the UCED model is still partially probabilistic, due to the inclusion of forced outages which 

occur in the simulations according to assumed probabilities per generation technology. 

25 I.e. more expensive than the last thermal technology in the merit order. 
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significantly between 2025 and 2030 in the case of Czechia, but not in the case of Belgium. In 

the case of hourly PEFs, values in France only fluctuate between 1 and 2 MWhp/MWhe in the 

year 2040, while they already do so in Belgium in the year 2030. 

 

Figure A1a: Distributions of hourly CO2 intensity values across seven scenario years.  

 

Note: Bottom grey = P5-P25, coloured area = P25-P75, top grey = P75-P95, white dot = average value. 

 

Figure A1b: Distributions of hourly PEF values across seven scenario years.  

 

Note: Bottom grey = P5-P25, coloured area = P25-P75, top grey = P75-P95, white dot = average value. 

 

Appendix C: Total cross-country exchanges of CO2 and primary energy 

For every country, it is possible to calculate the total primary energy use and CO2 emissions 

that is associated with its electricity consumption – considering both the consumption of locally 

produced electricity as well as imported electricity. Based on these calculations, it is then 

possible to express for each country the fractions of these totals that were imported from other 

countries (Figure A2a). In terms of CO2 emissions, the NT.2030 results show that many of the 

countries surrounding Germany – which have relatively low CO2 intensities in terms of their 

own electricity production – import a significant share of their consumption-based CO2 

emissions from Germany. Namely: Austria (26%), Switzerland (25%), Denmark (36%), 

Luxemburg (44%) and Sweden (54%). Similarly, many countries surrounding France – which 
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themselves have a relatively low production-perspective PEF – import a considerable amount 

of their consumption-based primary energy use from France. Namely: Belgium (41%), 

Switzerland (37%), Italy (17%) and Luxembourg (44%). 

 

Figure A2a: Imported CO2 emissions and primary energy use from a consumption perspective 

(NT.2030) 

 

Note: Imported CO2 emissions and primary energy are expressed as a fraction of the total consumption-based 

CO2 emissions and primary energy of the importing country (respectively). 

 

Figure A2b: Exported CO2 emissions and primary energy use from a production perspective 

(NT.2030)  

 

Note: Exported CO2 emissions and primary energy are expressed as a fraction of the total production-based CO2 

emissions and primary energy of the exporting country (respectively). 
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Similarly, it is possible to calculate for every country the total CO2 emissions and primary 

energy use that is associated with its local electricity production. It is then possible to express 

for each country the fractions of these totals that were exported to other countries (Figure A2b). 

For example, Italy exports 22% of its production-based CO2 emissions to Switzerland, and 

Spain exports 15% of its production-based primary energy use to Portugal. 
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Abstract 

Home batteries have recently received an increasing amount of research attention due to the 

many different objectives they are technically capable of supporting, including the 

maximisation of solar self-consumption and the minimisation of short-term peaks in electricity 

consumption. An underresearched objective in this context is for a home battery to help reduce 

the primary energy use (PE) and CO2 emissions (CE) of residential buildings. This paper 

provides a first exploration of the technoeconomic potential of home batteries in this regard, for 

the Belgian region of Flanders in the future years 2025, 2030 and 2040. The method consists of 

simulating single-objective optimisations whereby home batteries that are custom-sized for a 

variety of small and large residential consumers minimise the PE and CE that is associated with 

the building’s electricity consumption profile. By taking into consideration the investment costs 

of the home batteries, PE and CE abatement costs are estimated – which are then compared to 

the abatement costs of traditional renovation packages. This comparison indicates that home 

batteries could present a cost-competitive way of achieving reductions in the PE and CE for 

(certain parts of) the building stock, and thereby contribute to the European Union’s flagship 

policy goals. They are especially attractive from the year 2030 onwards – due to the expected 

changes in the Belgian electricity mix and battery costs. Moreover, batteries can be attractive 

whenever a building already has a relatively high energy performance, because it then becomes 

rather  expensive to reduce PE and CE even further by using traditional renovation measures. 

 

 

Nomenclature 

CE 

 

CO2 emissions 

 

CI 

 

CO2 intensity 

ENTSO-E 

 

European Network of 

Transmission System 

Operators 

 

EPC Energy performance 

certificate 

 

EU-ETS European Union emissions 

trading system 

 

GO Grid offtake 

 

k(M)Whe kilo(mega)watt-hour of 

electrical energy 

 

k(M)Whp kilo(mega)watt-hour of 

primary energy 

 

NPV Net present value 

 

PE Primary energy use 

 

PEF Primary energy factor 
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1. Introduction 

Home batteries have received a lot of attention in recent literature, investigating their merits in 

terms of increasing the self-consumption of locally generated solar power [1–8], reducing peaks 

in electricity demand [6,8–14], optimising a building’s electricity grid offtake (GO) on the basis 

of real-time dynamic wholesale prices [15–18], or providing grid ancillary services [13,19]. 

However, what has remained largely unexplored is the potential of home batteries to be strictly 

used as a tool to minimise either the primary energy use (PE) or CO2 emissions (CE) associated 

with the GO of a residential building. This paper sets out to investigate this potential within the 

context of the Belgian region of Flanders. 

Reducing the PE and CE of the (residential) buildings sector constitutes a major part of the 

overall energy transition. In the previous decade, researchers and policy makers in Europe have 

primarily focused on increasing building energy performance through energy efficiency 

measures like improving thermal insulation – in order to make progress towards the stated PE 

and CE reduction goals. However, this dominant ‘energy efficiency approach’ has been plagued 

by a number of issues, resulting in progress that is insufficient and too slow in the light of the 

2050 deadline for a climate-neutral society. In Flanders, the annual energy renovation rate has 

consistently remained below 1%, throughout years of policy efforts aimed at making energy 

efficiency improvements more attractive (e.g. through subsidies). 

Two of the most important issues faced in this area are the financial barrier to renovation and 

the problem of diminishing marginal returns. The financial barrier constitutes the fact that large 

up-front investment costs are required to execute thorough renovation measures, while many 

households face severe constraints in their financing capacities. Meanwhile, the issue of 

diminishing marginal returns relates to the fact that every consecutive energy efficiency 

improvement performed on a building results in a smaller gain in terms of PE or CE reductions 

– relative to its cost.  

The issue of diminishing returns is further exacerbated in practice due to the fact that actual 

energy savings are often significantly lower than what is theoretically predicted. Part of this is 

explained through rebound effects, whereby households behaviourally increase their comfort 

levels (e.g. the setpoint temperature) in direct response to energy efficiency improvements – 

although the ‘performance gap’ between the actual and predicted energy consumption of 

buildings is also caused by other factors. 

To achieve the goal of lowering the PE and CE of residential buildings, the main alternative to 

the traditional energy efficiency approach is to manipulate the building’s electricity 

consumption profile, concentrating it as much as possible in certain periods of the day and away 

from others. Depending on how electricity is generated throughout the day, the primary energy 

factor (PEF) and CO2 intensity (CI) of electricity from the grid fluctuates. PE and CE savings 
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can thus be realised by using a battery to concentrate electricity consumption into the hours 

with the lowest PEF or CI. Similar methods have been explored to reduce the CE associated 

with heating [20–25] and electric vehicles [26,27]. 

This approach could have significant benefits in comparison to traditional renovation measures. 

Not only does it avoid the financial barrier due to the limited investment cost required – 

especially as batteries become even cheaper in the future – but it also provides a way of 

‘escaping’ the predicament of diminishing marginal returns. A battery focused on the 

minimisation of a building’s PE or CE is not subject to these diminishing returns in the same 

way as consecutive energy efficiency improvements are, because it operates in a fundamentally 

different way. Moreover, it is unlikely to be subject to rebound effects, as it would operate in 

an automated fashion – largely independent from user behaviour. Finally, installing a battery 

(which can be done in a matter of hours) has the benefit of being a completely non-intrusive 

intervention for the homeowner, in sharp contrast to large renovation works that are typically 

associated with a significant amount of ‘hassle’ and disturbance of daily life. 

The remainder of this paper is structured as follows. In section 2, the simulation approach is 

explained in detail. Broadly speaking, the operation of a home battery that is focused on 

reducing PE or CE is simulated for a variety of Flemish households. The simulation results are 

presented in section 3. Crucially, the estimated PE and CE abatement costs of the home batteries 

are compared to those of more traditional renovation packages, to assess cost-effectiveness 

relative to alternative measures. In section 4, the results are extensively discussed from a 

broader perspective – to finally conclude in section 5. 

 

2. Methodology 

2.1. Overview 

The methodology is explained in several subsections for the sake of clarity. The first subsection 

(2.2) covers the general setup, explaining the applied optimisation approach. The simulation 

makes use of measured GO profiles of Flemish residential buildings, as well as PEF and CI 

profiles for grid-electricity. The details of these profiles are discussed separately in sections 2.3 

and 2.4 respectively. Finally, section 2.5 explains the performed sensitivity analysis. 

 

2.2. Home battery simulation 

To assess how much PE or CE can be abated by home batteries, a model was developed to 

simulate battery operation at the individual household level for one full year at a quarter-hourly 

temporal resolution. The starting point is a “gross” GO profile for an individual household, as 

shown in the middle section of Figure 1 for an illustrative period of ten days. This is a measured 
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profile from an actual Flemish household that does not have a solar photovoltaic (PV) 

installation. Assuming that home batteries are likely to be installed in households that already 

have PV installed, the first modelling step is to add such an installation to the household in 

question. This is done by auto-scaling a fictional PV installation such that it is expected to 

produce approximately the same amount of energy (in kWhe) as the household consumes on a 

yearly basis. As shown in Figure 1, this leads to a quarter-hourly solar production26, which – in 

itself – creates a “net” GO profile. This net GO profile reflects the situation before a home 

battery is added, and is therefore denominated as OldNetGO (1). In the sensitivity analysis, the 

step of adding PV is excluded, to assess the operation of a home battery in households without 

PV. 

𝑂𝑙𝑑𝑁𝑒𝑡𝐺𝑂𝑡 =  𝐺𝑟𝑜𝑠𝑠𝐺𝑂𝑡 −  𝑆𝑜𝑙𝑎𝑟𝑃𝑟𝑜𝑑𝑡 (1) 

To add a home battery to the model, its power (kWe) and energy (kWhe) capacities need to be 

determined. This is done by using simplified heuristics, as the sizing of the battery itself is not 

the main focus of this paper. The battery power capacity is set equal to the annual peak demand 

(of the gross GO), and its energy capacity is set equal to three hours of storage (e.g. a 1 kWe 

battery receives an energy capacity of 3 kWhe). Both of these assumptions are in line with 

typical home battery sizes, but they are varied in the sensitivity analysis to assess their impact. 

The next preparatory step (before the actual simulation takes place), is to insert the PEF and CI 

profiles for electricity from the grid, which are illustrated in the top section of Figure 1. These 

profiles effectively present opportunities for PE and CE arbitrage, which the battery can attempt 

to exploit. Charging whenever the PEF or CI are low, and discharging when they are high. 

However, before battery operation takes place, the PE and CE of OldNetGO are calculated. In 

the case of CE, this is denominated as OldCE and calculated according to (2). CE can be 

substituted by PE in this (and the following) equation(s), as PE is treated in a completely 

analogous way as CE. Given the fact that a household’s GO can be negative during a given 

quarter-hour (i.e. when electricity is being injected onto the grid), the amount of PE or CE it is 

responsible for during that quarter-hour can also be negative. 

𝑂𝑙𝑑𝑁𝑒𝑡𝐶𝐸𝑡 =  𝑂𝑙𝑑𝑁𝑒𝑡𝐺𝑂𝑡 . 𝐶𝐼𝑡 (2) 

With all preparatory steps finished, the actual simulation can now take place. It consists of an 

optimisation problem, whereby either the amount of PE or CE of the net GO profile is 

minimised. Both options are simulated separately, to identify the battery’s potential in terms of 

each individual objective. The objective function (3) minimises the amount of CE across 96 

                                                      
26 The solar PV profile itself aligns (historically) with the used PEF and CI profiles, and is hence 

explained further in section 2.4. 
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quarter-hourly timesteps (1 full day). NewNetCE itself is calculated analogous to (2). The 

decision variables are the amount of battery charging and discharging (expressed in kWhe) in 

each of the 96 timesteps. These are respectively denominated as BatCharge and BatDischarge. 

Battery operation leads to a new GO profile, NewNetGO (4), as shown in the bottom section of 

Figure 1. 

𝑀𝑖𝑛 ∑ 𝑁𝑒𝑤𝑁𝑒𝑡𝐶𝐸

𝑡

 (3) 

𝑁𝑒𝑤𝑁𝑒𝑡𝐺𝑂𝑡 = 𝑂𝑙𝑑𝑁𝑒𝑡𝐺𝑂𝑡 + 𝐵𝑎𝑡𝐶ℎ𝑎𝑟𝑔𝑒𝑡 − 𝐵𝑎𝑡𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒𝑡 (4) 

Battery operation is subject to a number of constraints. First of all, the battery cannot charge or 

discharge faster than its power capacity in kWe allows for, as shown by (5, 6). Given the quarter-

hourly resolution of the simulation, BatMaxCharge and BatMaxDischarge (which are both 

expressed in kWhe) are set to one fourth of the battery power capacity. Secondly, the battery is 

constrained by its energy storage capacity BatMaxVol (7). During any given timestep, the 

amount of energy stored in the battery (BatVol) is determined according to (8). Assuming a 

round-trip efficiency of 95% – which is in line with current Li-ion batteries – the losses that 

occur during charging and discharging (BatLoss) are set to 2.5%. 

𝐵𝑎𝑡𝐶ℎ𝑎𝑟𝑔𝑒𝑡 ≤ 𝐵𝑎𝑡𝑀𝑎𝑥𝐶ℎ𝑎𝑟𝑔𝑒 (5) 

𝐵𝑎𝑡𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒𝑡  ≤ 𝐵𝑎𝑡𝑀𝑎𝑥𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 (6) 

𝐵𝑎𝑡𝑉𝑜𝑙𝑡 ≤ 𝐵𝑎𝑡𝑀𝑎𝑥𝑉𝑜𝑙 (7) 

𝐵𝑎𝑡𝑉𝑜𝑙𝑡 =  𝐵𝑎𝑡𝑉𝑜𝑙𝑡−1 + 𝐵𝑎𝑡𝐶ℎ𝑎𝑟𝑔𝑒𝑡(1 − 𝐵𝑎𝑡𝐿𝑜𝑠𝑠) − 𝐵𝑎𝑡𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒𝑡(1
+ 𝐵𝑎𝑡𝐿𝑜𝑠𝑠) 

(8) 

 

The largest possible reduction in PE or CE would be achieved if the battery operation was 

optimised for the entire simulated year at once. However, to model battery operation in a more 

realistic way, the optimisation is iteratively repeated for 730 times using a rolling horizon 

approach. Each iteration consists of a 24-hour time window for which the optimisation is 

executed. After solving the optimisation, the horizon is moved by 12 hours. The second halve 

of the solution (hours 13 to 24) is discarded, and the next iteration is initiated with BatVol set 

at the value it had at the end of the 12th hour of the previous iteration. This way, the battery is 

effectively assumed to have perfect foresight across a 24-hour period, updating its operational 

planning every 12 hours. This approach allows the battery to exploit opportunities that require 

foresight across the intersection of individual days. 
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Figure 1: Battery operation across an illustrative period of ten days 

 

Note: in this example, the objective function minimises PE. 

 

2.3. Residential grid offtake profiles 

A non-public dataset of 1000 residential GO profiles of Flemish households was acquired. The 

profiles were measured on a quarter-hourly basis by digital metering devices in the year 2018. 

Geographically, the profiles were measured at several different locations (municipalities) 

spread out across Flanders, but it is unclear how the households included in the sample were 

selected by the distribution system operator that made the measurements (Fluvius). Confidently 

extrapolating results of the performed simulations at the individual building level to the Flemish 

or national level is therefore infeasible, but the more important characteristic of the dataset is 

its inclusion of a variety of different profiles for smaller and larger consumers.  

Another important characteristic is the fact that the dataset does not include households that 

own an electric vehicle or use electricity to heat their homes. The analysis is therefore 

constrained to a focus on traditional electricity consumption (mainly from household 

appliances). Although not all of this electricity consumption is typically included in official 

building energy performance assessments (which currently focus on the PE related to heating 

in Flanders), it is typically included in estimates of the building sector’s PE and CE. For 

example in the often repeated claim by the European Commission that buildings in the 

European Union are responsible for 40% of energy use and 36% of greenhouse gas emissions 

[28]. From the perspective of the present paper, PE and CE savings realised by manipulating 

the ‘traditional’ (non-heating related) electricity GO profile are equally valuable to those from 
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any other measure (e.g. investing in more energy efficient household appliances or improving 

a building’s thermal insulation). 

To generate results across the variety of GO profiles included in the dataset, 20 profiles were 

pragmatically selected. Figure 2 shows how these profiles are located across the distributions 

for total energy consumption and peak consumption (measured at the quarter-hourly level) of 

the full dataset. Although a higher number of profiles could potentially cover these distributions 

in a more granular way, the simulation model is constrained in terms of computational 

requirements and cannot generate results for much more than 20 profiles in a reasonable amount 

of time. Due to the large number of optimisation problems to be solved (as explained further in 

section 2.3), computing results for 20 profiles already takes several days on a Core i7-7700K 

desktop computer with 32 GB of RAM. 

 

Figure 2: Total and peak electricity consumption of the 20 selected grid offtake profiles 

 

Note: Values for the selected profiles are shown as dashes, imposed upon the respective distributions in the total 

dataset. Coloured areas show the 25th to 50th and the 50th to 75th percentile, while the grey areas show the 5th to 

25th and the 75th to 95th percentile. Dots represent averages. The 20 selected GO profiles are not necessarily 

meant to perfectly represent the underlying distributions, but rather simply portray a variety of different feasible 

profiles at different energy consumption levels.  

 

2.4. PEF and CI profiles 

Each of the 20 selected GO profiles is simulated in combination with a range of different PEF 

and CI profiles that reflect the consumption of grid electricity in Belgium from different 

perspectives and at different points in time. In terms of perspectives, both average and marginal 

profiles are considered. Average PEFs and CIs consider the entire grid electricity mix during a 

given timestep, while marginal PEFs and CIs only consider the marginal electricity generation 
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technology. The marginal technology is the technology that would directly respond to a change 

in electricity demand.  

Considering the fact that the battery manipulates a household’s electricity demand, using 

marginal PEFs and CIs is methodologically preferable. However, the reason for also generating 

results using average PEFs and CIs is the fact that official building energy performance 

accounting systems typically assume average values. For example, the official PE of a 

residential building in Belgium – as stated on the energy performance certificate (EPC) – is 

calculated using an average PEF. This is prescribed by governmental regulations that aim to 

treat all buildings equally, instead of labelling some (arbitrary) subset of the building stock as 

“the marginal” building(s). Therefore, results assuming average values reflect how home 

batteries may be evaluated within an official building EPC calculation. Moreover, using average 

values is in line with several earlier studies in which similar electricity profile interventions 

were studied, focusing on strategic EV charging [26] and heating [23,24,29–31]. 

In terms of timeframes, PEF and CI profiles are used for the years 2025, 2030 and 2040. The 

Belgian electricity mix will continually evolve throughout this period, as will battery prices. 

Considering several future years therefore enables a deeper analysis of how the performance 

and cost effectiveness of the proposed battery operation can be expected to evolve across time. 

Moreover, generating results for various grid electricity mixes also serves as a proxy for 

variations across geographies. The acquired GO profiles representing Flemish households 

constrain the analysis geographically, but the variation across time can already provide an 

indication of how results could differ if the analysis were to be replicated in other (European) 

countries with a different electricity mix. 

The used PEF and CI profiles were generated in the author’s previous work [32], and can be 

freely downloaded at the following URL27. In this work, profiles were generated for all of the 

scenarios published by the European Network of Transmission System Operators (ENTSO-E), 

using a state-of-the-art unit commitment economic dispatch model of the European electricity 

system. For the sake of simplicity, only the standard “National Trends” scenario is considered 

in the present paper. An overview of the profiles is shown in Figure 3, where they are presented 

as duration curves to highlight the percentage of time during which a particular value occurs in 

each profile. For example, the marginal CI of grid electricity in Belgium is 0 kg/MWhe for 

approximately 50% of the time in the year 2030. It is important to note that the used PEF and 

CI profiles apply a consumption perspective, which means that imports of electricity from other 

European countries are also considered. This is preferable to a production perspective which 

only considers the local electricity production in a given country. Especially for Belgium, which 

                                                      
27 http://bit.ly/3uCLx0x 

http://bit.ly/3uCLx0x
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is one of the most interconnected countries in the European network when comparing national 

electricity demand to the interconnection capacity at the national borders. 

The PEF and CI profiles are based on the historical weather conditions of the year 2012, because 

this has been shown to be one of the most representative years for simulating the European 

electricity system [33]. To make sure that the solar production profile used in the home battery 

simulation is consistent with these weather conditions, it is also based on the year 2012. 

Meanwhile, the fact that the GO profiles were measured in a different year (2018) is only of 

minimal significance due to the fact that they only represent non-heating (or cooling) related 

electricity consumption. 

 

 

Figure 3: Overview of the used primary energy factor and CO2 intensity profiles 

 

Note: given the fact that the model used to generate these profiles uses an hourly temporal resolution [32], the 

profiles were upscaled to a quarter-hourly resolution for the purposes of the present paper. 

 

Due to the fact that different future years are included in the analysis (in terms of the grid 

electricity mix), the battery cost and lifetime assumptions are also varied accordingly as shown 

in Table 1. For each future year, both a low and high estimate are used. They are based on 

expert judgement and are intended to reflect the uncertainty about the future technological 

progress in terms of battery lifetimes and cost-decreases as a consequence of economies of 

scale. The resulting battery investment costs for each of the 20 GO profiles is shown in Figure 

4. 
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Table 1: Battery cost and lifetime assumptions 

 2025 2030 2040 

Lifetime in years (low estimate ) 10 15 15 

Lifetime in years (high estimate ) 20 20 20 

Price per kWhe in €2021 (low estimate) 300 200 150 

Price per kWhe in €2021 (high estimate) 500 300 250 

 

Note: At the cell-level, Li-ion battery prices below 100 $2020/kWh (83 €2021/kWh) have already been cited in the 

year 2020 [34]. By 2030, cell-level Li-ion battery prices are expected to drop to 62 $2018/kWh (54 

€2021/kWh)[35]. However, home batteries may use other chemistries and the assumed battery costs include 

inverters, installation costs and VAT. 

 

Figure 4: Battery investment costs 

 

 

2.5. Sensitivity analysis 

To supplement the main analysis, sensitivities are performed on the presence of a solar PV 

installation as well as the size of the battery (changing the power capacity to 75% of peak 

electricity demand and the energy capacity to 1.5 hours of storage). The case without PV is 

included to assess its influence on the reduction in PE and CE that can be realised by the battery. 

It is also worth assessing in and of itself what a home battery could achieve in terms of PE and 

CE savings in a household that does not (yet) own a PV installation.  

The case with a smaller battery is included for two reasons. First of all, batteries can be expected 

to be subject to diminishing returns as their power and energy capacities increase. At some 

point, the amount of additional PE and CE savings that can be realised by further increasing the 

battery capacities is reduced to zero. Conversely, assuming a smaller battery can be expected 

to result in a higher return in terms of PE and CE savings, relative to its (reduced) cost. The 

second reason for including the smaller battery case is to take into account the financing 

constraints of Flemish households. It is worth assessing the PE and CE savings that can be 
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realised by a cheaper battery that is less likely to conflict with these constraints. For the same 

reason, this case is also combined with the exclusion of solar PV, as such installations are 

associated (to a large degree) with households that do not face severe financing constraints. 

 

3. Results 

3.1. Baseline 

Figure 5 shows the amount of annual PE and CE associated with each of the 20 gross GO 

profiles – calculated analogously to (2) – which illustrates the orders of magnitude that later 

results can be compared with. For example, the CE values range between approximately 0,5 

and 2 tonnes for the 20 GO profiles, when the marginal CI profile for the year 2025 is used. 

The variation across these 20 values can be attributed to the differences in the amount of 

electricity consumption across the different households. Overall, values also differ substantially 

depending on the considered future year and perspective (average or marginal). Two important 

trends can be distinguished. Firstly the fact that PE and CE is typically higher when calculated 

form a marginal perspective, and secondly the fact that PE and (especially) CE tend to reduce 

over time due to changes in the grid electricity mix. 

 

Figure 5: CE/PE of the 20 Gross GO profiles 

 

Note: Each series of 20 average values is ordered from small to large. For a specific year (e.g. 2025), average 

and marginal values on the same vertical axis position correspond to the same household. 

 

3.2. Absolute primary energy and CO2 emission savings realised by the 

battery 

Figure 6 shows the annual PE and CE reductions that were realised by the batteries in the 

simulations. CE reductions reflect the simulations in which the minimisation of CE was the 

objective function and vice versa. Here as well, results based on marginal PEF and CI profiles 
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see higher values compared to when average profiles are used, indicating the fact that 

opportunities to reduce PE and CE are larger when a marginal perspective is applied. This can 

be explained by the fact that marginal values can experience extreme variability in a short 

timeframe. From one quarter-hour to the next, a marginal CI can change from the emissions 

intensity of a gas power plant to zero – if renewables or nuclear suddenly become the marginal 

technology. 

 

Figure 6: Absolute CE/PE reductions realised by the battery operation 

 

Note: see Figure 5 

The results presented in Figure 6 also show that CE reductions are much larger than PE 

reductions, when compared to the CE and PE of the gross GO profiles (cf. Figure 5) . CE 

reductions are typically even larger than the gross GO profile’s original CE, which is not the 

case for PE reductions. However, both the PE and CE of NewNetGO (Figure 7) are still 

negative, because the PE and CE of OldNetGO are already close to zero due to the PV 

installation.  

When combined with PV, the battery can thus turn a building into either a carbon negative or 

primary energy negative building, as far as its electricity consumption is concerned. This is 

achieved by charging the battery whenever PEFs or CIs are at their lowest, and displacing grid 

electricity (through battery discharging) whenever they are at their highest, as also depicted in 

Figure 1. In the sensitivity scenario without PV, the battery can still make the CE associated 

with the building’s electricity consumption negative in most cases, but not its PE – as shown in 

Appendix A. 
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Figure 7: CE and PE of the new net GO profiles after battery operation 

 

Note: see Figure 5 

 

A final observation with respect to the results presented in Figure 6 is the fact that PE and CE 

savings are significantly larger in the years 2030 and 2040, compared to 2025. These larger 

savings – especially in the marginal cases – can again be attributed to changes in the grid 

electricity mix. Apparently, the dynamics in the 2030 and 2040 Belgian electricity system (and 

its cross-border interaction with the rest of the European system) result in more substantial 

opportunities for PE and CE savings than in the 2025 system. This is in line with the marginal 

PEF and CI profiles shown previously in Figure 3, which indicate larger opportunities for 

arbitrage in the years 2030 and 2040. In the case of CE, opportunities to charge the battery at a 

CI of 0 kg/MWhe are more frequent. In the case of PE, opportunities to discharge the battery 

during moments with a high PEF (of approximately 3 MWhp/MWhe) are more frequent. Earlier 

work by Braeuer et al. also showed that the opportunities for batteries to reduce CE are larger 

when using marginal rather than average CIs [36]. 

 

3.3. Impact on CE when PE is minimised and vice versa 

The question of how one optimisation objective affects the other can also be answered. As 

shown in Figure 8, having the battery minimise PE can lead to a (dramatic) increase in the CE 

of NewNetGO and vice versa. For example, when looking at the marginal results for the year 

2030, the minimisation of PE can lead to an increase in CE of approximately 5 to 30 tonnes. 

Similarly, the minimisation of CE can lead to an increase in PE by approximately 1 to 5 MWhp. 

However, in the case of both optimisation objectives, it is also possible that the other objective 

is contributed to in a positive way. Namely when assuming an average perspective in the years 

2030 and 2040. The minimisation of PE then also leads to a reduction in CE and vice versa. 
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Figure 8: CE/PE reduction realised by the battery operation when PE/CE minimisation is the 

objective 

 

Note: see Figure 5 

 

3.4. Battery PE and CE abatement costs 

Using the cost and lifetime assumptions for the batteries in combination with the absolute 

amounts of PE and CE savings, annualised abatement costs can be estimated as shown in Figure 

9. In line with the assumptions presented in Table 1, ‘low’ and ‘high’ abatement costs are 

estimated. It should be noted that these are ‘gross abatement costs’, strictly considering the 

investment cost on one hand and the total amount of PE or CE abated across the battery lifetime 

on the other. ‘Net abatement costs’ would also consider the impact on the retail electricity bill, 

which cannot be easily estimated due to the uncertainty of how the Flemish retail electricity 

tariffication scheme will evolve in the long term future.  

Currently, the retail electricity bill in Flanders is heavily burdened by additional taxes and levies 

(e.g. to pay for PV subsidies and public lighting), and it is unclear when and to which degree 

this will change in the future. A thorough calculation of net abatement costs would require a 

scenario-analysis involving different possible directions in which Flemish retail electricity 

tariffication could evolve, as well as accurately forecasted wholesale electricity prices (which 

are unavailable at the time of writing). 
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Figure 9: CO2 and primary energy abatement costs of home batteries in the reference case (incl. PV) 

 

Note: Euro values are expressed in €2021. 

 

In terms of battery abatement costs, it is clear that there is a large difference between low 

(optimistic) and high (pessimistic) estimates, as well as between those calculated from average 

and marginal perspectives. Moreover, abatement cost estimates are significantly lower in the 

years 2030 and 2040 compared to 2025. This is also reflected in the abatement costs estimates 

of the two sensitivity cases (cf. Appendices A and B). The abatement costs of the case without 

PV are nearly identical. In the sensitivity case without PV and a reduced battery size, the 

abatement costs are somewhat lower – which is in line with the expectation of diminishing 

returns. The reduction in battery cost outweighs the reduction in PE and CE savings that can be 

realised. 

The presented abatement costs represent the averages across the 20 considered buildings (GO 

profiles). For a specific abatement cost estimate – e.g. the ‘low’ CE estimate for the year 2030, 

form an average perspective – the spread between the lowest and highest value for each of the 

20 buildings is only 1-3%. This is a result of the fact that the batteries are automatically scaled 

in proportion to the GO profiles, which plays a factor in preventing any noteworthy differences 

in building-specific abatement costs from appearing in the results. Another factor contributing 

to this is the fact that the battery primarily acts as an intra-day PE or CE arbitrage device, largely 

ignoring the OldNetGO profile (cf. Figure 1). 

 

3.5. PE and CE abatement costs of traditional renovation packages 

The abatement costs presented in the previous section are difficult to judge without a point of 

reference. Therefore, the abatement costs of traditional renovation packages performed on 
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Flemish buildings are presented in this section (Figure 10). These are based on an official study 

performed by Van der Veken et al. for the Flemish government, which identified the pareto-

optimal renovation packages for a range of archetypical buildings (Table 2)[37]. For each 

building, this study simulated a large number of potential renovation packages, to identify 

which combination of renovation measures is cost-optimal at different ambition levels in terms 

of reducing PE. Cost-optimality was evaluated by calculating net present values (NPVs) on a 

30-year basis. 

 

Table 2: Archetypical buildings included in the abatement cost comparison 

 A B 

Terraced Working class terraced building 

Dutch term: Arbeiderswoning 

 

 

Upper class terraced building 

Dutch term: Herenhuis 

 

 
 

Apartment Apartment with a collective  

heating system 

 

 
 

Apartment with an individual  

heating system 

 

 

Detached Rural style detached building 

Dutch term: Fermette 

 

Architectural style detached building 

Dutch term: Architecturale woning 

 

Note: images are indicative examples of the type of archetypical building. In [37] the terraced and detached 

archetypes are referred to using specific Dutch terms (shown in the table). 
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The output dataset of [37] was acquired bilaterally from the study authors, allowing for a 

calculation of gross abatement costs in a consistent way. Namely, by considering the investment 

cost of each pareto-optimal renovation package in the study and comparing it with the PE and 

CE savings they realise over a 30-year period. The period of 30 years was pragmatically chosen 

to take into account the varying lifetimes of the renovation measures included in every package. 

Each datapoint in Figure 10 represents the estimated abatement cost of a pareto-optimal 

renovation package. Values for the different future years were estimated using the PEFs and 

CIs of those years, and take into account the future evolution of renovation costs based on 

existing trends28. Both PE and CE abatement costs vary substantially across the different 

archetypical buildings. For example, in some cases CE abatement costs are higher than 300 

€/tonne as soon as the CE of the original building needs to be reduced by more than 50-60% 

(cf. Terraced A, Terraced B and Detached A) – while they remain below 300 €/tonne up to a 

90% reduction in CE in certain other cases (Apartment A/B, Detached B). 

It is possible that the abatement costs presented in Figure 10 are strongly underestimated, 

because the underlying study strictly made use of theoretical energy performance calculations, 

which do not take into account rebound effects and other aspects related to the performance gap 

between the theoretically calculated and actually observed effects of renovation measures [37]. 

The PE and CE savings realised by the renovation packages may be overestimated by up to a 

factor of three (i.e. the abatement costs may be underestimated by that amount), but it is highly 

nontrivial to retroactively adjust the calculations of the utilised study to estimate the exact 

amounts in a rigorous way. 

Overall, the comparison between the abatement costs of home batteries and traditional 

renovation packages indicates that home batteries may be more attractive from a cost-efficiency 

perspective in some buildings and at a certain point in time. Especially when it comes to carbon 

abatement. When considered from a marginal perspective, the CE abatement costs of the 

batteries range between 72 and 146 €/tonne in the year 2030 and between 92 and 204 €/tonne 

in the year 2040. Judging from Figure 10, it would thus be more attractive from a CE abatement 

perspective to install a CE-minimising battery than (for example) to reduce the CE of a terraced 

building by more than 60-70% using traditional renovation measures. Instead, the building’s 

CE could be reduced by e.g. 50% using traditional measures, and henceforth reduced even 

further by installing a home battery.  

                                                      
28 Given the fact that [37] calculated renovation costs for the year 2013, a first adjustment was necessary 

to extrapolate renovation costs to the different future years (2025/2030/2040). This was done using the 

ABEX index, which tracks the evolution of renovation costs in Flanders – whereby it was assumed that 

the average growth rate of the previous decade continues into the future (+2.5%/year, incl. inflation). 

Subsequently, the renovation costs for each future year (which are still expressed in €2025, €2030 and €2040 

respectively) were translated back to €2021, assuming a future annual inflation rate of 1.5%. 
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This is an intuitively logical result: as the performance of a building is improved further and 

further using traditional measures, the diminishing marginal returns of these measures dictate 

that a battery – which escapes these diminishing returns because it functions in a fundamentally 

different way – becomes more interesting at a certain point. 
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Figure 10: PE and CE abatement costs of pareto-optimal renovation packages 

 

Note: based on the renovation packages investigated in [37]. The vertical axis shows the reduction in PE/CE compared to the PE/CE of the original (unrenovated) buildings. 

Euro values are expressed in €2021. Renovation packages including a change of the heating system to a heat pump are concentrated on the right in the CE abatement cost 

figures. PE and CE savings are estimated purely on the basis of theoretical models. I.e. rebound effects and other aspects of the performance gap are not included.

€/MWhp

€/tonne€/MWhp€/tonne€/MWhp

€/MWhp €/tonne €/MWhp €/tonne

Detached (B)Detached (B)Detached (A)Detached (A)

Terraced (B)Terraced (B)Terraced (A)

Apartment (A)Apartment (A)

Terraced (A)

Apartment (B) Apartment (B)

€/tonne€/MWhp€/tonne

0

50

100

150

0% 50% 100%

0

300

600

900

0% 50% 100%

0

50

100

150

0% 50% 100%

0

300

600

900

0% 50% 100%

0

300

600

900

0% 50% 100%

0

50

100

150

0% 50% 100%

0

50

100

150

0% 50% 100%

0

300

600

900

0% 50% 100%

0

50

100

150

0% 50% 100%

0

300

600

900

0% 50% 100%

0

50

100

150

0% 50% 100%

0

300

600

900

0% 50% 100%

2025
2030
2040



143 
 

4. Discussion 

4.1. Conflicts and synergies between battery optimisation objectives 

This study focusses on using a battery for single-objective optimisation, whereby the 

minimisation of the PE and CE associated with a household’s electricity consumption is 

considered separately. The impact on other potential objectives like the maximisation of solar 

self-consumption or the minimisation of peaks in grid offtake remains unanalysed.  Such a focus 

on a single optimisation objective – for which the maximum potential is explored – is also found 

in other studies [1,2,12,18,27,31]. Due to this focus, the impact on the final retail electricity bill 

also remains unexplored, which – as also argued by several comparable studies [38–41] – is 

highly dependent on local regulations, subsidies and tariffication schemes, and would therefore 

needlessly complicate the analysis while distracting from the central research question. 

What is explored and shown in the results, is the conflict between PE and CE minimisation. To 

a certain extent, it can be intuitively expected that different optimisation objectives never align 

perfectly. For example, the largest possible reduction in CE can only be achieved when the 

optimisation focusses on it exclusively, and any other objective – even if it is combined with 

CE reduction in a multi-objective optimisation – will inevitably result in a smaller CE 

reduction. Still, the finding that CE minimisation can – in many cases – actually lead to an 

increase in PE (and vice versa) is somewhat surprising. The correlation between PEFs and CIs 

is apparently not strong enough to guarantee avoiding adverse effects when optimising on one 

parameter or the other. This finding motivates a policy recommendation that relates to home 

batteries more broadly. Namely that policy makers should carefully consider the possibility of 

negatively affecting one parameter when allowing home batteries to optimise primarily on 

another parameter. For example, it could be the case that a massive roll-out of home batteries 

focussing on the minimisation of (quarter hourly) consumption peaks would inadvertently 

increase CE. 

As an important point of nuance, it should also be noted that different optimisation objectives 

do not necessarily conflict with each other in every single case. A few circumstances can be 

envisaged in which no apparent conflict would exist. One example of this is the maximisation 

of solar self-consumption, which can – in many cases – potentially be combined with a 

secondary objective without a noteworthy cost. A battery maximising solar self-consumption 

would charge during sunny hours and discharge in the (early) evening, but during some of the 

other hours of the day (e.g. the hours before sunrise), the otherwise idle battery could be further 

exploited to serve other objectives like (further) minimising CE. It has been found in the 

literature that grid-scale batteries can significantly improve the degree to which they reduce CE 

without reducing their income streams (e.g. from price arbitrage) by more than a few percent 

[42]. Similarly, when minimising the retail electricity bill by optimising a building’s electric 

heating profile on the basis of fluctuating wholesale electricity prices, it has been found that 
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adding a small weight (in the optimisation) to CE minimisation already reduced CE by a 

substantial amount without radically deviating from the original (cost-focussed) optimum [22].  

Another take-away from the results could be that policy makers should actively bring objectives 

like the reduction of PE and CE in line (as much as possible) with objectives like minimising 

the retail electricity bill. One example of how this could be achieved in the case of CE is to 

make the CO2 price signal even more exaggerated for retail consumers than what it would 

otherwise already be due to the European Union emissions trading system (EU-ETS). The 

results presented in the present paper inform policy makers about the CE reduction potential if 

retail bill minimisation would be brought in line with CE minimisation to the maximum degree. 

 

4.2. Barriers to extrapolation 

A question that arises from the presented analysis is how the changes in residential electricity 

demand – due to the battery operation – would affect the large-scale electricity system, if the 

roll-out of home batteries that minimise PE or CE were to reach a significant scale (e.g. millions 

of households). The energy mix could be impacted by changes in the dispatching of different 

electricity generation technologies, which itself would have second-order effects on the PE and 

CE savings themselves. 

Unfortunately, three fundamental barriers exist to correctly assess these system-level effects in 

the case of the present paper. First of all, the available dataset of GO profiles is not designed to 

be statistically representative for Flanders, let alone Belgium. As stressed in section 2.3, its 

value lies in the fact that it simply includes a variety of GO profiles – across smaller and larger 

residential consumers – on which the battery operation can be tested. The lack of information 

about how the profiles included in the database were selected – as well as their concentration 

in certain Flemish municipalities – obstructs an extrapolation of the simulation results to the 

system level. Moreover, given the fact that the years 2025, 2030 and 2040 are studied, changes 

in the building stock that take place by those future time periods would need to be assessed as 

well (and taken into account), which would be subject to a plethora of additional uncertainties. 

A second barrier to extrapolation is dealing with the rest of Europe. An assessment of how 

Belgian electricity demand would be affected by a large scale roll-out – and how this would 

itself affect dispatching – would be meaningless if it were to be assumed that no such roll-out 

takes places in any of the other European countries (especially those surrounding Belgium). 

Belgium is an extremely well interconnected node in the European network, especially in the 

future years considered. The system reaction to the changes in Belgian electricity demand 

would therefore be largely dominated by the import and export dynamics between Belgium and 

the surrounding countries, and these dynamics would portray a false picture by assuming the 

complete lack of a roll-out in those other countries. The logical solution would be to assess the 
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operation of home batteries in these countries as well (perhaps even all across Europe), but this 

lies entirely out of scope of the present paper – not to mention the complete unavailability of 

the necessary GO profile data in different European countries. 

The third barrier is the fact that simply extrapolating the aggregated changes in electricity 

demand (from the considered individual households) to the Belgian level with millions of 

households would not actually reflect what would happen if a roll-out of millions of home 

batteries were to occur. If such a simplified extrapolation were to be made, large spikes in 

national electricity demand would be found during certain quarter-hours of the year, which 

would cause dramatic changes to electricity dispatching (e.g. activating fossil technologies to 

cover the demand spikes). However, this would not reflect an actual home battery roll-out, 

because in practice each iteratively added home battery would individually assess the remaining 

opportunities to realise PE and CE savings. It is highly non-trivial to assess how national 

electricity demand would actually be affected by this, but large spikes in (marginal) fossil 

generation technologies are excluded. At most, newly added home batteries would face 

diminished opportunities to realise PE and CE savings (after a number of batteries were already 

rolled-out), but it is unclear at which point PE and CE savings would diminish severely. In any 

case, this paper’s  estimated opportunities for PE and CE savings could be exploited by part of 

the building stock, and thereby make a valuable contribution to the overall required savings. 

Ultimately, the scope of the present paper is to study the potential effects at the individual 

building level, similar to comparable studies that studied the effects of other optimisation 

objectives for batteries at this level without necessarily extrapolating to the broader system 

[10,17,30,43–45]. 

 

4.3. Larger-scale batteries 

The home batteries envisaged in the present paper are not the only conceivable size of battery 

that can realise PE or CE savings. In theory, entire apartment buildings could have one single 

battery, or larger-scale batteries could serve an entire neighbourhood (e.g. to enable a ‘zero 

emissions neighbourhood’). Ultimately, megawatt and even gigawatt-scale battery systems are 

technically feasible, and could potentially realise the same PE and CE savings at a lower 

(abatement) cost – due to economies of scale.  

On one hand, an agnostic attitude can be justified about which type of battery realises the PE 

or CE savings. If grid-scale batteries are more cost-efficient, it should perhaps simply be made 

possible for individual households to acquire a financial stake in a grid-scale battery, and in 

return attribute their share of the realised PE and CE savings to their buildings. Similar concepts 

are actively considered for renewable energy, where buildings that are not well suited for PV 
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can still fulfil renewable energy requirements by acquiring a stake in an external renewable 

energy installation. 

On the other hand, the small scale of home batteries may serve particular benefits compared to 

the most cost-efficient gigawatt-scale battery systems. Similar to household-level investments 

in local solar PV installations, investments in local storage assets may stimulate the energy 

transition by attracting households to participate with their own (‘visible’) energy and storage 

assets. Moreover, the distributed nature of both PV and home batteries can serve a broader 

purpose of being less reliant on a small number of large-scale generation and storage assets. 

 

4.4. Embodied primary energy and CO2 emissions 

When considering the PE and CE savings realised by the home batteries, one could attempt to 

adjust them to take into account the PE and CE that is embodied in the batteries themselves 

from a life-cycle perspective. However, the PE and CE of the battery production process is 

difficult to forecast for the considered future years. At the time of writing, it is clear that electric 

vehicle manufacturers – which are the driving force behind the expansion of battery 

manufacturing – are motivated to reduce the energy use and climate impacts of their 

manufacturing processes as much as possible. By 2030 and especially 2040, the battery 

manufacturing process may be largely powered by renewable electricity.  

Moreover, adopting a life-cycle perspective with respect to the home batteries would also 

require that the traditional renovation packages to which they are compared (in terms of 

abatement costs) are also evaluated from a life-cycle perspective. Construction materials 

contain a certain amount of embodied PE and CE as well. However, the study data used to 

estimate the abatement costs of traditional renovation packages does not apply a life-cycle 

perspective [37] – making it infeasible to include in the analysis of the present paper. 

 

4.5. Forecasting GO profiles, PEFs and CIs 

The presented simulations pragmatically assume perfect foresight, both in terms of the GO 

profile as well as the PEF and CI profiles. As discussed in section 2.2, this foresight is limited 

to a 24 hour window, which is updated every 12 hours. This inserts a level of realism into the 

simulations, but a question remains as to whether or not a continuous stream of 24 hour forecasts 

is feasible in practice.  

With respect to the forecasting of GO profiles on a quarter-hourly basis, it is clear that specific 

peaks in electricity demand can be difficult to predict. Manufacturers of home batteries already 

claim today that their advanced machine learning algorithms can generate satisfactory forecasts 

[46], but it remains unlikely that specific quarter-hourly peaks can be perfectly predicted. If 
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electric vehicle charging and heat pumps are added to a household’s electricity mix, a large 

portion of the GO profile may become more easily predictable, but these technologies are not 

included in the GO profiles available in the acquired dataset. 

It could be argued that the simulation should make use of GO profiles that are ‘flattened out’, 

showing only average grid offtake expectations in every quarter-hour, but this would be 

undesirable for two reasons. First of all, it would falsely represent the PE and CE of the original 

GO profile (before battery operation), as this can be heavily influenced by quarter-hourly peaks 

in electricity demand during specific moments with a high PEF or CI. Secondly, an averaged-

out GO profile would falsely give the impression that opportunities to realise PE or CE savings 

are very limited. In practice, a home battery with a fully developed operational algorithm would 

most likely take into account the fact that sudden peaks in electricity demand may occur (with 

a certain estimated probability) during quarter-hours with a high PEF or CI, and build up some 

energy reserves to enable PE and CE savings when those events take place. However, it is not 

the intent of the basic research in the present paper to fully develop such an advanced 

operational algorithm. In summary, using actual (measured) GO profiles – including sudden 

peaks in electricity demand – is most desirable from a methodological point of view, but the 

estimated PE and CE savings should be seen as an upper bound on what could actually be 

realised in practice. 

Forecasting PEFs and CIs is less challenging by comparison, as the electricity generation 

profiles of different technologies are already known quite well in advance for a 24 hour period. 

In fact, ENTSO-E already publishes continuous 72-hour forecasts of electricity generation all 

across Europe [30]. The largest source of uncertainty is the wind and solar forecasts, but these 

are already relatively reliable at the national level. Moreover, companies like Tomorrow29 

already provide real-time CIs from both an average and marginal perspective today. It is 

therefore entirely feasible that home batteries in the (near term) future will be able to receive 

continuous PEF and CI forecasts of a high quality. Recently, machine learning based and other 

techniques have been developed to generate short-term CI forecasts for demand response 

purposes [47–49]. 

 

 

 

 

                                                      
29 www.tmrow.com  

http://www.tmrow.com/
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5. Conclusion 

Across Europe, existing building stocks need to be radically transformed in order to meet 

ambitious reduction targets in terms of primary energy use and CO2 emissions. In the Belgian 

region of Flanders, this is traditionally assumed to require a thorough renovation of 

approximately 95% of existing residential buildings. In this context, this papers performs a first 

exploration of the degree to which home batteries can help reduce building PE and CE in a 

fundamentally different way compared to traditional renovation measures. Instead of simply 

reducing the energy use of a building, its electricity consumption profile is manipulated – 

considering the intraday fluctuations in the grid electricity mix. 

The results provide some preliminary evidence for the notion that home batteries could provide 

a cost-effective contribution – in terms of PE and CE abatement costs – under certain specific 

circumstances. They are likely to only be cost-effective in certain types of buildings, and after 

basic improvements to building energy performance are already made. The cost-effectiveness 

of traditional renovation measures decreases sharply after building energy performance is 

improved to a relatively acceptable level. It is in these types of circumstances – where the choice 

lies between a further improvement of building energy performance to an excellent level (using 

traditional measures) on one hand, and adding a PE- or CE-minimising home battery on the 

other hand – that the latter may prove to be an attractive option to consider. Especially given 

the fact that installing a home battery is a non-intrusive measure that can be completed in a 

matter of hours, and only requires a relatively mild up-front investment. If existing homeowners 

would become legally obliged to reduce the PE or CE of their buildings – as is currently being 

discussed in the Flemish policy debate – allowing them to (partially) fulfil these requirements 

by installing a dedicated home battery could be an option to consider. 

However, the results depend on the accounting perspective used to evaluate the battery PE and 

CE reductions (average or marginal) and the future time period considered. The PE and CE 

abatement costs of home batteries are most competitive when considered from a marginal 

perspective, and in the years 2030 and 2040. By contrast, the results indicate that the abatement 

costs of traditional renovation measures are lower in the year 2025, or whenever average PEFs 

and CIs are used to calculate the savings realised by the battery. 

Given the fact that home batteries can be utilised in a variety of ways, including the 

maximisation of solar self-consumption or the minimisation of quarter-hourly peaks in 

electricity consumption, it is possible that – in practice – reducing PE or CE will only be a 

secondary objective for many home batteries. Therefore, PE and CE savings realised in the 

single-objective optimisations presented in this paper should be viewed as an ‘upper bound’ to 

what is practically feasible. 
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Policy makers could intervene to counteract the conflicts between different possible use cases 

for home batteries. For example, a battery that (co-)optimises on fluctuating wholesale prices – 

which currently represents approximately one third of the household electricity bill in Flanders 

– could be brought ‘in line’ with reducing CO2 emissions by ratcheting up the CO2 price paid 

by retail customers (in addition to the CO2 paid through the EU-ETS). Carbon floor-prices have 

already been implemented in The Netherlands and Sweden, although not exclusively at the 

household level. 

Given the fact that this paper only presents a first exploratory step in the process of improving 

the scientific understanding of the PE and CE reduction potential of home batteries, there are 

many potential avenues for future research. First of all, the analysis can be replicated 

considering households with electric vehicles and heat pumps. Second, the analysis can be 

replicated for households in different (European) countries – where differences in both the 

electricity consumption profiles (e.g. because of differences in climate and building 

characteristics) and in the grid electricity mix could result in alternative findings. Third, the 

combination of PE or CE minimisation with other optimisation objectives could be further 

investigated within a multi-objective optimisation framework. And finally, methodologies 

could be developed to better understand the interaction of home batteries with the European 

electricity system. 

 

6. Appendices 

Appendix A: Results of the sensitivity case excl. PV 

Figure A1: CE and PE of the new net GO profiles after battery operation (sensitivity case excl. PV) 

 

Note: see Figure 5. 
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Figure A2: CE and PE abatement costs of home batteries (sensitivity case excl. PV) 

 

Note: Euro values are expressed in €2021. 

 

 

Appendix B: Results of the sensitivity case excl. PV and a smaller battery 

Figure B1: CE and PE abatement costs of home batteries (sensitivity case excl. PV and a smaller 

battery) 

 

Note: Euro values are expressed in €2021. 
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Abstract 

The ability of homeowning households to finance renovation investments is an often 

overlooked barrier towards achieving the long-term energy and climate goals. Especially a 

quantitative assessment of this financial barrier has been missing in the literature. A 

methodology to perform such an assessment is developed and applied to the Flemish region in 

Belgium, which can be seen as a proxy for similar regions elsewhere in Europe. Two empirical 

datasets are combined through a process of stochastic sampling, to estimate both the renovation 

costs (towards a 2050-proof level of energy performance) as well as financing capacities for a 

representative sample of households. The analysis shows that approximately half of the 

homeowning households cannot finance the necessary renovations. This finding holds 

regardless of whether renovations are financed and executed all at once, or spread over multiple 

years into the future. When the additional investment costs associated with comfort increasing 

measures that typically coincide with energy renovations are included, the share of households 

facing a shortage in financing capacity increases by 7 to 9 percentage points.  The fact that half 

of all households can finance comprehensive renovations and yet decides not to do so indicates 

that new policies are required to activate them in the coming decade. 

 

Highlights 

▪ Synthetic database created through stochastic sampling of two empirical datasets 

▪ Renovation costs and financing capacities estimated for 100 000 households 

▪ Both “all at once” and “stepwise” financing of renovations considered 

▪ Approximately half of the homeowners face a shortage in financing capacity 

▪ This finding is robust across a variety of sensitivity scenarios 

 

Keywords 

Financing, renovation cost, barrier, residential, stochastic sampling, Flanders, Belgium, 

carbon-neutral building, existing houses, energy performance, households, climate goal 

 

Nomenclature 

ECB European Central Bank 

FGAP Financing (capacity) gap 

HFCS Household Finance and Consumption Survey 

IFC Immediate financing capacity 

SFC Stepwise financing capacity 
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1. Introduction 

 

During the economic boom of the 1960s, most European countries witnessed a unique increase 

in the residential building construction rate, and the first thermal building codes were introduced 

soon after [1]. For example, France implemented its Réglementation Thermique in 1974, at the end 

of the first oil crisis. Several decades later, it is clear that the aging building stock remains largely 

inefficient, providing a significant opportunity to save energy and reduce CO2 emissions. 

Existing buildings largely reflect past preferences, opportunities and technological limitations, 

and the majority of them will still be used in 2050. To accommodate the changing preferences 

of users and address societal challenges such as the goals of the Paris Agreement, the building 

stock will need to be largely transformed. However, despite the declared climate policy 

ambitions at the level of the European Union and the establishment of comprehensive policy 

frameworks at the national level, the renovation rate currently remains too low to achieve 

climate neutrality by the year 2050 [2]. Even countries that offer generous renovation subsidies, 

grants and loans to homeowners have faced a stagnant renovation rate in the previous decade. 

The renovation challenge should be addressed holistically, but many authors especially 

emphasize the need for strong policies to remove market and non-market barriers [3–6].  As the 

up-front investment cost of a deep energy renovation is high – even up to € 200 000 for old 

(detached) houses of very poor quality in countries like Belgium – the cost of capital and the 

ability to make sufficient funds available are of great concern [7]. In fact, several studies have 

identified economic considerations and the households’ financial constraints as the major 

barriers to undertake energy renovations – especially in the case of younger homeowners [1,8–

10]. As noted by Tuominen et al., the inadequate access to financing is often overlooked, as the 

main research focus often lies on the cost-effectiveness and payback period of renovation 

investments [8]. Even the constraints on a household’s income may be ignored, given the fact 

that any renovation that is cost-effective in the long run can theoretically be realized as long as 

adequate financing is assumed to be available. 

Many studies use energy simulations to calculate the total (life cycle) cost associated with 

various potential renovation measures for residential buildings. For example, in the context of 

Finland [11], Norway [12] and Portugal [13]. A generic methodology for similar purposes was 

also developed by Almeida and Ferreira, and applied to six detailed case studies in Austria, 

Czechia, Portugal, Denmark, Spain and Sweden [14]. Similar studies are also discussed in a 

recent review focussing specifically on energy simulations to assess the renovation of multi-

family buildings in temperate climates [15]. What all of these studies generally have in common 

is the fact that investment costs are technically included in the analysis  – typically as part of 

the ‘total cost’ estimated for a particular package of renovation measures – but that they are not 

considered as a constraint that rules out certain measures in practice. What is emphasized is the 
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cost effectiveness of renovation investments in the long run, while the necessary up-front 

investment costs are seldomly depicted as a fundamental issue. Whenever the inability to 

finance certain renovations is recognized as a problem, an assessment that quantifies this 

constraint is missing. Studies typically only mention the necessity of government policies to 

address any financing constraints that may exist. 

In practice, many homeowners are likely to face severe constraints in terms of their financing 

capacities. This is also acknowledged in studies that do not necessarily perform energy 

simulations, or make other kinds of calculations about renovation activities. In these cases as 

well, concrete assessments of the financial constraints faced by homeowners have remained 

unavailable. For example, Sebi et al. state that the renovation investments necessary to reach 

the status of a nearly-zero energy building exceed the financing capacities of many homeowners 

(in France), but no further details or analysis is provided [7]. In other studies, financial barriers 

are simply identified as one of the reasons provided by households in surveys, when they are 

asked to explain why certain renovation investments have not (yet) taken place [5,8]. 

 

2. Research goal and objectives 

A comprehensive search of the academic literature indicates that, to the best of the authors’ 

knowledge, not a single study has so far quantified the financial barrier to residential renovation 

using empirical data. This constitutes a significant gap in the literature, and poses an 

information problem that complicates the optimal use of policy instruments. Policy frameworks 

can benefit from a better understanding of the most important barriers to renovation, including 

the financial barrier. Therefore, the research goal of the present study is to perform a first-of-

its-kind comprehensive assessment of the financial barrier for renovation investments in the 

region of Flanders in Belgium. The objectives that need to be met in order to reach this goal are 

the following. First of all, a suitable database needs to be compiled, including all the necessary 

variables for a representative number of homeowning households. Secondly, renovation costs 

and financing capacities need to be quantified. Finally, the ‘gap’ between the two can be found 

– for each of the individual households in the database – revealing the distribution of financing 

constraints faced by homeowners in Flanders. 

The observation that financial barriers have not yet been quantified for any European country 

can be explained by the fact that it is extremely rare for available databases to contain sufficient 

information about both the buildings themselves as well as the households that own them. 

Therefore, a second important contribution of the present study is to propose a ‘stochastic 

sampling’ methodology which allows the information contained in two separate datasets to be 

combined. Future research can replicate and build upon the proposed methodology – which also 

includes other elements in addition to the stochastic sampling approach – in order to quantify 

the financial barrier for other (European) countries. At the same time, it should be noted that 
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the present analysis for Flanders can already be indicative for other European countries (or 

regions within them) that are similar in terms of socio-economic characteristics, building stocks 

and climate (e.g. in The UK, The Netherlands and Germany). 

 

3. Context 

The financial barrier to renovation is the main focus of this study, but it needs to be emphasized 

that informational, technical, institutional, social and behavioural barriers matter as well [16]. 

In too many studies, the complexity of human behaviour and the social aspects of energy 

renovation are simply overlooked. Bjorneboe et al. conclude that many homeowners do not 

consider energy renovation as relevant and do not even read energy performance certificates 

[17]. Mortensen concludes in a study for Denmark that ‘getting a better-looking house’ and 

‘improvements in architectural quality’ are more important reasons to renovate than concerns 

about energy efficiency [18]. The renovation of kitchens and bathrooms often has a higher 

priority as well, as most homeowners renovate to improve their lifestyle. The same studies 

confirm that homeowners value thermal comfort, indoor climate and a better usage of the house, 

e.g. by changing or extending the living space. These priorities should be used as important 

selling points when promoting energy renovation investments. Too often saving energy is 

presented as an isolated goal in itself, even though there are significant benefits from doing it 

as part of an integrated process [19]. 

Energy renovations are mostly undertaken whenever it becomes necessary to upgrade  buildings 

in a more general sense [16,20]. A comprehensive recent assessment for the European 

Commission concluded that close to 90% of all energy renovations in Europe coincide with 

other general upgrades of the residential stock [21]. The assessment indicates that energy 

renovations are mostly a side-effect of other investment priorities, as only 2.8% of homeowners 

invest because of a poor energy performance certificate. Of all the European homeowners that 

renovated in recent years, 78% used their own savings to (primarily) finance the renovation. 

Only 18% (also) used a commercial loan and 8% (also) received financial support from family 

members or friends. The constrained access to capital can help explain why partial or stepwise 

renovations dominate the landscape. Moreover, in contrast to deep ‘one-off’ or ‘all at once’ 

energy renovations that often take place shortly after an old house has been bought, partial or 

stepwise renovations also allow for new technologies and building concepts to be included at a 

later stage. By spreading a renovation over time, homeowners have multiple opportunities to 

change building characteristics and functions in line with new preferences or changes in 

household composition. These benefits are highly important to homeowners, but they are 

typically neglected in conventional cost-benefit assessments of energy efficiency investments. 

Another aspect that is often neglected – and which further complicates the economic puzzle – 

is the fact that payback periods can often be much longer than the expected period of ownership. 
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A deep energy renovation can easily have a payback period of more than 20 years, while a 

typical dwelling in a country like France has a new owner every 8 to 10 years on average [7]. 

In Germany, 88% of the measures supported within the national ‘KfW energy efficiency retrofit 

programme’ in 2015 were single component investments, not major or deep retrofits [7]. In 

France as well, the bulk of thermal renovations are light, meaning only one partial measure is 

implemented. For Flanders, the regional energy agency recently estimated that only 5% of 

dwellings currently meets the challenging 2050 climate neutrality standards. This figure does 

not imply that 95% of houses are highly energy inefficient. Close to 80% of Flemish houses 

already benefit from energy efficient windows and roof or attic insulation [22]. These partial or 

single component renovations are easy to implement and rather cost-effective. If most 

homeowners think their house is already efficient (enough) due to the partial renovation 

measures that have already been taken, it will be challenging to motivate them to make further 

improvements that are less cost-effective. From this perspective, every partial renovation is a 

‘missed opportunity’ to realize the energy efficiency levels that are required in the long term 

from a climate perspective. Subsidies that only trigger partial investments can therefore add to 

a lock-in effect. 

 

4. Methodology 

4.1. Creation of a synthetic database through stochastic sampling 

A sufficient dataset that combines homeowner characteristics (including financial wealth) with 

building characteristics (including reliable estimates of energy-related renovation costs) does 

not exist for Flanders. To quantify the financial constraints for energy-related renovation 

investments faced by homeowners, it is therefore imperative to combine data from several 

existing surveys on housing and financial wealth. 

Most data on housing policy and characteristics of the building stock for Flanders are gathered 

by Steunpunt Wonen, a publicly funded research organisation. Its most recent comprehensive 

survey was conducted in 2018 and included approximately 2 000 homeowning households. 

This survey includes all the age-, income-, mortgage- and building-related variables that are 

needed for the analysis, except for information about each household’s financial wealth [23]. 

Data on the financial wealth of European households is gathered by the European Central Bank 

(ECB), in its recurring Household Finance and Consumption Survey (HFCS)[24]. The latest 

version of this survey was conducted in 2017 (“HFCS III”) and also included approximately 2 

000 (Belgian) homeowning households. Unfortunately, financial wealth data is not available 

specifically for the region of Flanders. 

Flanders contains approximately 2 million homeowning households, while the total in Belgium 

as a whole is approximately 3.5 million. Homeowners represent 72% of all households, whereas 
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households that acquire housing on the rental market only represent a small minority [25]. 

Residential buildings also represent the vast majority of the Flemish building stock (82%), 

although the renovation challenge is also applicable to educational, commercial and industrial 

buildings [26]. In both surveys, the statistical representativeness of the respective samples is 

thoroughly analysed and confirmed [23,24]. Appendix A includes supplementary information 

about the data collection and processing. 

To create the necessary ‘synthetic database’ – in which all the required variables are included 

for a large number of households – data from both surveys was combined using a ‘stochastic 

sampling’ approach. The proposed methodology consists of four steps. In the first step, the age 

and income values for all households in both datasets are categorized. For example, a household 

with the age value “37” (years) and the income value “1500” (euros) receives the new variables 

“age category” and “income decile” with the appropriate values (e.g. “2” and “3”). In the case 

of the households in the ECB survey, the “financial wealth” variable is also categorized into 

deciles. This variable includes all financial assets that could easily be mobilized to help finance 

a renovation investment (savings and the values of stocks and bonds that are traded on a daily 

basis). Forms of non-financial wealth like real estate and vehicles are excluded, as well as the 

debts associated with such items (e.g. mortgages). However, negative financial savings – for 

example in the form of credit card debt – are included in the financial wealth variable. 

The second step consists of estimating – from the ECB survey – probabilities for a household 

to belong to a certain decile of financial wealth, based on its age category and income decile. 

These probabilities are estimated by counting how often each possible combination of an age 

category, income decile and financial wealth decile occurs in the ECB survey. For example, it 

may be found that young households that also belong to the lowest income decile more 

frequently belong to the lower deciles of financial wealth – and vice versa. The resulting 

collection of probabilities is illustrated in Figure 1. For every possible combination of an age 

category and an income decile, ten probabilities are estimated – namely one for each of the 

corresponding deciles of financial wealth. For example, if a household is associated with 

combination X12 (highest age category and the second income decile), its estimated probability 

to belong to the third decile of financial wealth is 7%. 
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Figure 1: Financial wealth decile probabilities  

for combinations of income deciles and age categories 

 

 

The third step in the stochastic sampling process is to use the estimated probabilities to attribute 

financial wealth deciles to the homeowning households of the Steunpunt Wonen survey. Using 

a programmed algorithm, a random household included in the survey is selected, and a value 

for its financial wealth decile is sampled (and thereby determined) according to the respective 

probabilities. Returning to the example shown in Figure 1, this means that – if the randomly 

selected household has the age-income combination X12 – it would have a 7% probability of 

being attributed the value “3” as its financial wealth decile. This stochastic algorithm can 

theoretically be repeated an arbitrary number of times. Given the fact that the Steunpunt Wonen 

survey contains 2 000 homeowning households, the choice is made to repeat the stochastic 

sampling algorithm 100 000 times. This way, each of the 2 000 households is attributed a 

financial wealth decile approximately 50 times. This guarantees that the estimated probabilities 

for each age-income combination are adequately reflected in the resulting synthetic database of 

100 000 ‘synthetic (homeowning) households’. 

The final step is to translate the financial wealth decile of each of the 100 000 synthetic 

households into a concrete value (in euro). This is achieved by randomly sampling (for each 

household) an empirically observed value for financial wealth from the collection of values for 

the respective decile in the ECB survey. For example, if the stochastic algorithm attributed the 

third decile of financial wealth to a household, then a financial wealth value (in euro) is 

randomly selected from the collection of values belonging to the third decile in the ECB survey. 

This approach guarantees that the distribution of empirically observed values within each decile 

of financial wealth is preserved in the synthetic database. 

The final synthetic database essentially contains approximately 50 copies of every homeowning 

household from the Steunpunt Wonen survey, for which a range of input variables that are 

needed for the further analysis are known. Namely, all the variables already included in the 

original Steunpunt Wonen survey, supplemented with the crucial financial wealth variable. 
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Although household ages and incomes are also included in the ECB survey, this data is only 

used for the purpose of attributing a financial wealth to the households in the Steunpunt Wonen 

survey. This means that only the ages and incomes of the households in the Steunpunt Wonen 

survey are used in the further analysis. In the remaining methodological sections, it is explained 

how these and other input variables are used to determine a number of output variables for each 

of the 100 000 synthetic households. Namely, the renovation cost (4.2), the capacity to attract 

commercial loans (4.3), the ‘instantaneous’ and ‘stepwise’ financing capacities (4.4) and the 

financing gaps (4.5). 

 

4.2. Renovation cost 

For each household that lives in its own house, the renovation cost to improve the house up to 

a 2050-proof level needs to be estimated. This ‘end point’ implies that the building no longer 

needs to be improved any further; the house perfectly fits in the 2050 building stock that is 

consistent with long-term climate and energy policy targets. Concretely, this means that the 

building would have a maximum annual primary energy demand of 100 kWh/m2. This 

corresponds to the “A-label” in Flanders, which is also used in [27] as the energy performance 

level associated with a 2050-proof building30. 

An exact calculation of energy-related renovation costs to the 2050-proof level is highly 

challenging, even if extensive information about the building in question is available. Hidden 

costs can always emerge once the renovation activities begin. Therefore, the present study’s 

goal is limited to estimating renovation costs in an approximate but representative manner. 

To achieve this goal, renovation cost estimates are used which were already performed by 

Steunpunt Wonen in a separate report [27]. In this report, 2050-proof renovation costs were 

estimated for a representative sample of Flemish households, for which a more detailed 

description of the buildings themselves was acquired. The summary statistics of this report – 

shown in Table 1 – relate estimated renovation costs to several variables like household income 

decile, building size decile and building age category. It shows that the average renovation cost 

for a house in the third size decile amounts to € 44 00031. For houses in the first age category – 

i.e. built before 1919 – the average renovation cost is € 75 000. These estimates by Steunpunt 

Wonen do not only reflect the current state of buildings in Flanders (in terms of energy 

efficiency), but also the local climate in which the buildings need to be able to perform without 

                                                      
30 Across Europe, the energy performance level associated with being 2050-proof may vary, similar to 

the variation in national definitions for nearly zero energy buildings (NZEB’s). The energy performance 

level associated with NZEB’s is typically lower than 100 kWh/m2 [21]. 
31 As a reference, the median floor space in Flanders is estimated at 167 m2 [27]. 
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exceeding the requirements in terms of their primary energy demand. Flanders has a temperate, 

maritime climate, with mild winters and cool summers. 

 

Table 1: Energy-related renovation costs  

associated with household and building characteristics (€) 

Household 

income 

decile 

Renovation 

cost (€) 

 Building 

size decile 

Renovation 

cost (€) 

 Building 

age category 

Renovation 

cost (€) 

1 64 000  1 35 000  Built before 1919 75 000 

2 64 000  2 40 000  1919 – 1945 75 000 

3 52 000  3 44 000  1946 – 1960 61 000 

4 52 000  4 48 000  1961 – 1970 56 000 

5 55 000  5 52 000  1971 – 1980 56 000 

6 55 000  6 50 000  1981 – 1990 46 000 

7 51 000  7 54 000  1991 – 2000 46 000 

8 51 000  8 58 000  2001 – 2005 31 000 

9 50 000  9 62 000  Built after 2005 16 000 

10 50 000  10 81 000    

Note: Every value represents the average renovation cost in the respective decile or category, as estimated in 

[27]. Values are rounded to the nearest € 1 000. 

 

Since the variables shown in Table 1 are also available for each household in the synthetic 

database, they can be used to estimate renovation costs. Given the fact that Table 1 offers three 

predictions based on three variables, the average of the three predicted renovation costs is used 

as the final cost estimate for a 2050-proof renovation. A limitation of this approach is the fact 

that renovation costs start at a minimum of approximately € 30 000, given the fact that these 

are the lowest average values as shown in Table 132. In practice, a small share of the building 

stock may have renovation costs lower than € 30 000, namely when the building in question is 

already near the 2050-proof level of energy performance. On the other side of the distribution, 

a small share of households (2.5%) may need to completely rebuild their home, because its 

condition is so poor that it is deemed inappropriate to renovate [27]. The highest possible 

renovation cost estimated on the basis of Table 1 is € 73 33333, which is insufficient for these 

kinds of situations. To deal with both extremes, the renovation cost methodology is further 

supplemented as explained in Appendix B. 

In theory, detailed energy simulations could provide a more precise picture of the renovation 

costs in the case of every individual household. However, this is unfortunately infeasible in 

                                                      
32 Based on Table 1, a household in the highest income decile, with a home belonging to the lowest size 

decile and built after 2005, would be attributed an estimated renovation cost of € 33 667. 
33 I.e. the average of the highest possible values in each column of Table 1, namely € 64 000 (highest 

income decile), € 81 000 (highest building size decile) and € 75 000 (oldest building age category). 
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practice, given the constraints on the amount of building-related information that is available in 

the employed datasets. Importantly, detailed estimates of the energy-impact of specific 

renovations – as well as the associated costs – are not necessarily required to achieve the goal 

of quantifying the severity of financing constraints in an approximate manner. 

It is important to note that the values presented in Table 1 represent only renovation measures 

that are essential to realize the necessary 2050-proof energy performance level. This is why 

they are specifically called energy-related renovation costs. However, households are known 

to combine renovation measures that are necessary from a purely technical perspective with 

other comfort increasing renovation measures like changing or expanding the structure of the 

building (according to personal preferences). To take this into account, a comfort premium is 

estimated for every household in the dataset. This premium consists of the additional 

investment cost that should be added on top of the essential energy-related renovation 

investment cost. This comfort premium is estimated in a way that takes into account the 

financial capacities of the households themselves, as explained in Appendix C. A high comfort 

premium makes sense for high-income households, but is unlikely for lower-income 

households. 

Figure 2 shows the distribution of estimated renovation costs for Flemish households, with and 

without comfort premiums. The distribution is divided into ten “brackets”. These are subgroups 

with a lower an upper renovation cost bound (shown on the X-axis), each containing a certain 

percentage of the total number of households. For example, 47% of households have a 

renovation cost between € 50 000 and € 60 000 when comfort premiums are excluded. With 

comfort premiums included, the number of households facing a renovation cost higher than € 

60 000 increases significantly (from 13% to 77%).  
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Figure 2: Distribution of estimated renovation costs  

with and without including comfort premiums (€) 

 

Note: The top row of values beneath the X-axis represents the lower-bound of each category in the distribution, 

while the bottom row represents the upper-bound. Exceptions to this are the first and last category. The first 

category consists solely of households with a renovation cost of € 0, while the last category represents 

households with a renovation cost higher than € 100 000. 

 

4.3. External financing capacity 

Households can finance renovation investments with their own resources, or by taking out a 

(commercial) loan. With access to external capital, a homeowner can immediately start a 

renovation project that he cannot finance with his own savings. In practice, many homeowners 

do not take a commercial loan for renovation investments but postpone the renovation until they 

gathered the sufficient capital themselves. This is the phased or stepwise approach in which the 

total renovation effort is fragmented and spread over time (see 4.4). 

The ability to attract external financing can be expected to vary across households. For example, 

mortgages can often be a limiting factor because banks may not allow the total loan payments 

of a household to exceed a certain share of its monthly income. To take into account all the 

major determinants of a household’s ability to attract external financing, the maximum 

commercial loan is conceptualized. It is a function of four variables: age , equivalent income , 

the ongoing mortgage payment  and the interest rate .  A household’s equivalent income adjusts 

the total disposable income on a monthly basis with an equivalency factor to take into account 
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the impact of household size34. For the sake of conciseness, this is henceforth simply referred 

to as household income. 

The two main determinants of the maximum renovation loan are the maximum amount of 

money that can be spent on the monthly renovation loan payment and the duration of the loan.  

It is assumed that a household cannot spend more than 30% of its income on total renovation 

loan payments. This is in line with the typical front-end ratio applied by commercial banks in 

Belgium, when attributing mortgages to private households [23]. This maximum of 30% 

implies that whichever amount of the household’s income that is already being spent on 

ongoing mortgage payments needs to be subtracted from it, to calculate the amount that remains 

available for the monthly payments associated with a new renovation loan.  

For example, applying the 30% front-end ratio to a household with an income of € 3 000 would 

imply that this household cannot pay more than € 900 on total monthly loan payments. If the 

household already has an ongoing mortgage payment of € 700, then it could pay a maximum 

of € 200 each month on the additional renovation loan payment. In addition, it is assumed that 

renovation loans should be paid back before the household reaches the age of 65. This age cut-

off is a pragmatic way of taking into account the fact that the elderly population is less eager to 

commit to comprehensive and often very cumbersome deep energy renovations towards the 

2050-proof level. Moreover, renovation investments stand in direct competition with paying for 

everyday living, when it comes to the allocation of savings by households that are likely retired. 

All households with an age higher than 65 are therefore excluded from the analysis. 

It is also assumed that the maximum duration of the additional renovation loan is equal to 25 

years. Together with the age cut-off assumption, this enables a determination of a maximum 

payback period for every household in the synthetic database. A young household (e.g. with an 

age of 30) with a mortgage payment that already earmarks 25% of their income can take out an 

additional renovation loan with a long payback period (up to 25 years), but the monthly payment 

will be rather low due to the 30% front-end ratio constraint. Consequently, this household’s 

maximum commercial loan will be relatively low. As another example, a household with an 

age of 50, without a mortgage, could take out a renovation  loan with a payback period of 15 

years and a monthly loan payment equal to 30% of its current income. This household will have 

a relatively high maximum commercial loan, especially if its income is on the higher end of the 

distribution. In the calculation of the maximum commercial loan for every household in the 

synthetic database, a fixed interest rate of 1,5% is assumed. 

 

                                                      
34 This factor is based on the (widely used) modified OECD equivalence scale [31]. Using this scale, a 

household with two adults and two children older than 14, with a disposable income of € 4 000, would 

have an equivalency factor of 2.5, resulting in an equivalent disposable income of € 1 600. 
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4.4. Instantaneous versus stepwise financing capacity 

For each of the 100 000 households in the synthetic database, both the instantaneous financing 

capacity (IFC) for immediate renovation investments and the stepwise financing capacity (SFC) 

for postponed renovation investments are calculated. The IFC is the most straightforward of 

the two, simply consisting of the sum of a household’s own financial wealth and the maximum 

commercial renovation loan. It is meant to assess the degree to which a household could finance 

an all-at-once renovation of its home towards the 2050-proof level ‘tomorrow’. 

In contrast, the SFC is meant to assess the financing constraints faced if households would 

instead choose to renovate their home in several steps, spread out across multiple years into the 

future. In this case, the renovation can be split into several partial renovation investments. Each 

one taking place at a different time, requiring only part of the total renovation cost to eventually 

reach the 2050-proof level. 

Here as well, it is assumed that the renovation must be finished (at the latest) when the 

household reaches an age of 65. However, it is also assumed that the stepwise renovation must 

be finished after 15 years or less. This inserts a level of realism into the SFC methodology, 

avoiding a situation in which younger households can spread renovation investments across 

unrealistic amounts of time. A household with an age of 30 is very unlikely to spread a 

renovation investment over 35 years (i.e. until it reaches an age of 65). Not only because there 

is a high likelihood that the household may choose to move at some point, but also because they 

presumably do not want to wait indefinitely before they can reap the full benefits of the 

renovation itself. The period across which the stepwise renovation needs to be realized can thus 

vary significantly across households. While the period consists of 15 years for any household 

with an age of 40 or younger, it only consists of a few years for every household with an age 

of 60 or older. 

The issuance of additional renovation loans is left out of the calculation of the SFC entirely, 

because taking out a loan that needs to be paid back by the end of the stepwise renovation period 

only results in an additional cost (i.e. interest payments). Instead, the SFC focusses on the 

earnings of each household across this period, and the share of those earnings that can be set 

aside to finance the renovation. A fixed annual growth rate of a household’s income by 1.5% is 

assumed, in line with what can be expected on average in terms of economic growth. In terms 

of the savings rate, it is assumed that 10% of monthly income can be set aside, which is in line 

with general trends in terms of saving behaviour in Belgium [28]. 

To take into account the fact that households which still have an active mortgage payment can 

presumably save less than households without mortgage payments, the SFC calculation method 

is further refined as follows. For every year that the mortgage is still being paid off, the sum of 

the mortgage payments and savings set aside for stepwise renovation measures cannot exceed 
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30% of the household’s income. For example, a household with a mortgage payment that 

already represents 22% of their current income will only save an amount equal to 8% of the 

income in the first year. As the years progress and income increases according to the annual 

growth rate, the mortgage payment’s share in the households’ income may drop below 20%. 

From that moment onwards (and until the end of the stepwise renovation period), the household 

will save 10% of their income. In the case of certain households, the moment when the mortgage 

payments dip below the 20% threshold may only arrive when the mortgage is fully paid off.  

Finally, the total savings across the stepwise renovation period are summed up with the 

stochastically attributed amount of financial wealth, to calculate the SFC for each household in 

the synthetic database. 

 

4.5. Financing gaps 

To directly address the research goal, the final output variables consist of the ‘gaps’ between 

the two financing capacities on one hand (IFC and SFC) and the renovation costs (with and 

without including comfort premiums) on the other. These are henceforth referred to as financing 

gaps (FGAPs). For every household in the synthetic database, each of the four possible 

combinations of financing capacities and renovation costs are used to calculate different 

FGAPs. In every case, the renovation cost is simply subtracted from the financing capacity. A 

positive FGAP represents the surplus in financing capacity of a household (if it wants to 

renovate its home to the 2050-proof level), while a negative FGAP represents a shortage. The 

size of the share of all Flemish households with a (deeply) negative FGAP can ultimately be 

used to judge whether financing constraints should be seen as a minor or a rather a major 

obstacle to be overcome in the transition towards a carbon neutral building stock. 

 

5. Results 

5.1. Financing capacities 

Figure 3 shows the distribution of the calculated financing capacities for the 100 000 households 

in the synthetic database. Similar to Figure 2, households are divided across ten brackets with 

distinct lower- and upper-bounds. Both the IFC’s (blue) and SFC’s (grey) are shown. In both 

cases, an uneven distribution of financing capacities is observed. On one hand, a significant 

share of households have financing capacities that exceed typical renovation costs. For 

example, 47% have an IFC higher than € 80 000, and 40% in the case of SFC. On the other 

hand, a ‘long tail’ exists on the lower-side of both distributions. In the case of IFC’s, 36% of 

households have a financing capacity lower than € 40 000. In the case of SFC’s, this amounts 

to 39% of households. Considering the fact that the estimated renovation costs typically range 
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between € 40 000 and € 80 000 (depending on whether or not comfort premiums are included), 

this already provides a first indication of the importance of financing constraints. 

The depth of information about each of the households in the synthetic database enables further 

insight into the distributions shown in Figure 3. One variable that is particularly relevant for 

both the IFC and SFC results is the financial wealth of households. It can thus be considered 

how the various deciles of financial wealth are represented in each of the financing capacity 

brackets. For example, by comparing the shares of households that belong to each of the deciles 

of financial wealth, across each of the brackets of financing capacities. As shown in Figure 4, 

the lowest deciles of financial wealth are highly represented in the lower brackets of IFC, while 

the highest deciles are highly represented in the higher brackets of IFC. This confirms the 

intuition that the financial wealth of households plays a major role in determining their 

maximum financing capacities. 

 

Figure 3: Distribution of estimated financing capacities (€) 

 

Note: The top row of values beneath the X-axis represents the lower-bound of each category in the distribution, 

while the bottom row represents the upper-bound. 
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Figure 4: Distribution of financial wealth deciles  

across the brackets of immediate financing capacities 

 

Note: Each of the deciles of financial wealth is represented by a unique colour (see legend). This shows the 

degree to which each decile is represented in each of the brackets of IFC’s. For example, in the group of 

households with an IFC between € 0 and € 5 000, 8% of the households belong to the first decile of financial 

wealth (D1), while 72% belong to the second decile (D2) and 20% belong to the third (D3). 

 

The IFC results can be further explained by considering the maximum commercial financing 

attracted by every household. A large variation is found across the various brackets of IFC. In 

the lowest three brackets, the share of households which cannot attract any additional 

commercial financing ranges from 72% to 90%. Meanwhile, these shares range from 19% to 

21% in the top three brackets of IFC. The inability to attract commercial financing is explained 

by the fact that many households already have a monthly mortgage payment in place which 

exceeds the threshold of 30% of their income. 

 

5.2. Financing capacity gaps 

Figure 5 shows the main results of the analysis, namely the distribution of estimated shortages 

and surpluses in the financing capacity of Flemish households, with respect to renovating their 

homes towards the 2050-proof level. If comfort premiums are excluded, it is found that 40% of 

households face a shortage in financing capacity in case the renovation would have to be 

financed all at one (IFC), whereas 45% faces a shortage in the case of SFC. With comfort 

premiums included, 47% (IFC) to even 54% (SFC) of households faces a shortage. These 

results suggest that financing capacities of Flemish households can impact the transition 

towards a carbon neutral building stock. 

Importantly, a significant amount of households face rather extreme shortages in financing 

capacity. When comfort premiums are excluded, the share of households facing a shortage of 

more than € 25 000 varies from 27% (IFC) to 28% (SFC). When comfort premiums are 
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included, these shares increase to 36% (IFC) and 40% (SFC). On the other side of the 

distribution, it is found that a significant share of Flemish households have a substantial surplus 

in financing capacity. In the case of IFC and excluding comfort premiums, the share of 

households with a surplus higher than € 100 000 is 29%, while this share changes to 25% in the 

case of SFC. 

From a public policy perspective, it is important to note that the extreme shortages on the left 

side of the distribution in Figure 5 cannot be easily addressed by deploying traditional policy 

instruments like renovation subsidies or interest-free loans. Subsidies can presumably only be 

used to address the financing constraints of households in the brackets with relatively small 

shortages (e.g. up to € 6 300), for the policy intervention to remain within reasonable budgetary 

constraints. Meanwhile, the provision of government-subsidized free loans would not 

necessarily increase the financing capacities of households (as shown in Figure 3) either. The 

reason for this is the fact that the fundamental constraint limiting the financing capacities of 

households (especially in the lower brackets of the distribution) is the maximum cumulative 

front-end ratio of 30% across all loans. Households whose ongoing mortgage payments 

(resulting from the purchase of their home in its current state) already meet or exceed this 

threshold cannot be meaningfully helped by reducing interests to zero. Moreover, interest rates 

are already low in the current environment of expansive monetary policy, further limiting the 

difference made by government subsidized renovation loans. 
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Figure 5: Distribution of estimated FGAP values (€) 

 

Note: The upper panel shows regular distributions, while the lower panel shows cumulative distributions. In both 

panels, the top row of values beneath the X-axis represents the lower-bound of each category in the distribution, 

while the bottom row represents the upper-bound. 

 

 

5.3. Sensitivities 

The main results – as presented in the previous section – are based on a number of assumptions 

that were mentioned in the explanation of the methodology (section 4). To investigate the 

impact of these assumptions on the results, a sensitivity analysis is performed. Table 2 provides 

an overview of all sensitivity scenarios. 

The sensitivity scenarios are meant to assess changes in the FGAP results, when comfort 

premiums are included. More precisely, an assessment is made of changes in the amount of 

households that are represented in each of the brackets. For example, changing a certain 

assumption may result in a different share of households that have a shortage of more than € 50 

000. This approach enables an assessment of how the entire distribution of FGAP’s changes in 

the case of each sensitivity scenario. 
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Not all assumption parameters are relevant for both the IFC and SFC results. For example, 

changing the interest rate is only relevant for IFC results (because it co-determines the 

maximum external financing which households can attract), while the annual growth rate 

applied to each household’s income is only relevant for SFC results (because it co-determines 

the maximum amount of money that can be set aside for a stepwise renovation taking place in 

the future). While the first six sensitivity scenarios (S1-S6) are meant to assess changes in the 

IFC FGAP’s, the final three sensitivity scenarios (S8-S10) are meant to assess changes in the 

SFC FGAP’s. S7 is relevant for both cases. 

Extreme events like the coronavirus pandemic could have an impact on housing and renovation 

dynamics. Due to the broad experience with remote working and online education, many 

homeowning households – especially those with children – may want to invest in facilities to 

meet these additional needs. The pandemic could therefore boost the appetite to renovate for 

some homeowners, although (in practice) the additional ‘functional’ investments could crowd-

out energy-savings investments. Furthermore, it is clear that the pandemic also has a very 

unequal impact on the incomes, jobs and economic opportunities of households across society. 

The looming economic crisis could lower available incomes for certain homeowners – 

especially those with flexible and insecure jobs – and lower their capacity to renovate. The 

pandemic could therefore increase the financial barrier for certain households, but this will 

depend on the pace of the economic recovery and the expected fiscal consolidation in response 

to the steep increase of public debt in 2020 and 2021 in many countries. A separate sensitivity 

scenario (S10) is dedicated to exploring the potential impact of the coronavirus pandemic on 

the study results. Given the fact that the impact of the pandemic can best be assessed 

dynamically (i.e. throughout a future period of several years), this sensitivity is performed using 

the stepwise renovation perspective. 

The results from the sensitivity scenarios are shown in Table 3. Overall, the distribution of 

shortages and surpluses in financings capacities remains more or less the same. The only 

noteworthy differences are found at both extremes of the distribution, as indicated by the 

highlighted results in Table 3. Only in these brackets did some of the sensitivity scenarios 

change the result by more than two percentage points. For example, sensitivity scenario S1 – in 

which the front-end ratio was changed from 30% to 20% – resulted in 22% of households 

having a shortage of more than € 50 000, instead of 18% in the reference case (+4 percentage 

points). Meanwhile, S2 resulted in the opposite effect. By increasing the front-end ratio to 40%, 

only 14% of households faced a shortage of more than € 50 000 (-4 percentage points). In both 

cases, FGAP’s are considered with respect to instantaneous financing capacities (IFC’s). 

As expected, reducing renovation costs by 20% (S7) lowers the amount of households facing 

extreme shortages in financing capacities (> € 50 000). When FGAP’s are considered with 

respect to IFC’s, the amount of households in this bracket is reduced by 7 percentage points. 
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When FGAP’s are considered with respect to SFC’s instead, a reduction of 8 percentage points 

is found. Meanwhile, the ‘COVID-19 sensitivity’ (S10) primarily increases the amount of 

households facing the most extreme shortages in financing capacities (> € 50 000), namely by 

8 percentage points. 

 

Table 2: Explanation of the sensitivity scenarios 

 

S1 
 

Front-end-ratio is changed from 30% to 20% 
 

S2 Front-end-ratio is changed from 30% to 40% 
 

S3 Front-end-ratio is made variable, according to the income decile of each household 
 

Income decile 1 2 3 4 5 6 7 8 9 10 

Front-end ratio 20% 25% 25% 30% 30% 35% 35% 45% 45% 55% 
    

S4 Interest rate on external financing is changed from 1.5% (fixed) to 0% 
 

S5 Maximum duration of the renovation loan is changed from 25 years to 15 years 
 

S6 Instead of ‘putting 100% of the financial wealth on the table’, a household leaves a ‘financial reserve’ 

out of the IFC, equal to two months of income 
 

S7 Energy-related renovation costs are reduced by 20% 
 

S8 The annual growth rate of each household’s income is changed from a fixed 1.5% to one depending on 

the income decile 
 

Income decile 1 2 3 4 5 6 7 8 9 10 

Income growth rate 0.00% 0.25% 0.50% 0.75% 1.00% 1.25% 1.50% 2.00% 2.50% 3.00% 
    

S9 Households attempt to save 20% of their income, instead of 10% 
 

S10 To assess the potential impact of a severe COVID-19 economic crisis, the income of all households in 

the bottom-half of the income distribution is reduced by 20%. In the stepwise renovation analysis, the 

reduced incomes do not grow for three years, after which the normal 1.5% annual growth rate is 

resumed. Moreover, comfort premiums are increased by 50% for all households, to reflect the 

additional ‘functional’ investment needs as a result of the increased appetite for facilitating remote 

work and online education. 

Note: The front-end ratio represents the maximum share of a household’s income that can be spent on paying off 

loans (including mortgages). It therefore co-determines the size of the maximum renovation loan.  

 

A few sensitivity scenarios also cause changes on the other end of the distribution. For example, 

when the maximum savings rate in the case of stepwise renovations (SFC) is changed from 

10% to 20% (S9), the share of households that have a surplus financing capacity of more than 

€ 100 000 changes from 21% to 25% (+4 percentage points). 

The most important results of the sensitivity analysis are the changes in the total number of 

households facing a shortage in financing capacity of any size (cf. highlighted values in Figure 

5). These totals reflect the number of households which fall in the lower half of the distribution 

(brackets 1 to 5), and are shown in the rightmost column of Table 3. With respect to IFC’s, the 

share of households facing a shortage is only changed by a few percentage points in most of the 

sensitivity scenarios. The largest change is found in S2, where the share decreases from 47% to 

40% (-7 percentage points). When SFC’s are considered, the largest change is found in S9, 
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where the higher savings rate decreases the number of households with a shortage from 54% to 

43% (-10 percentage points35). In the COVID-19 sensitivity (S10), the share of households 

facing a shortage in financing capacity (of any size) increases from 54% to 57%. 

Although certain sensitivity scenarios have a noteworthy impact on the number of households 

contained in specific FGAP brackets, the overall take-away from the sensitivity analysis is that 

none of the parameters used in the calculations significantly change the results of the reference 

case. Not a single sensitivity scenario contradicts the finding that approximately half of all 

households cannot finance a renovation investment to upgrade their home to a 2050-proof level 

of energy performance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                      
35 Note that all percentage point differences are rounded to the closest integer. 
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Table 3: Differences in results from the sensitivity scenarios relative to the reference case 

  B1 B2 B3 B4 B5 B6 B7 B8 B9 B10 
  

B1-

B5 

BMIN -∞ -50k -25k -12.5k -6.3k 0k 12.5k 25k 50k 100k   -∞ 

BMAX -50k -25k -12.5k -6.3k 0k 12.5k 25k 50k 100k +∞   0k 

REF 

IFC 
18% 18% 6% 2% 2% 5% 5% 9% 11% 25% 

  
47% 

S1 
+4% 

(22%) 

+1% 

(19%) 

0% 

(6%) 

0% 

(3%) 

0% 

(3%) 

0% 

(5%) 

0% 

(4%) 

-1% 

(8%) 

-2% 

(9%) 

-3% 

(22%)   
+6% 

(53%) 

S2 
-4% 

(14%) 

-3% 

(15%) 

0% 

(6%) 

+1% 

(3%) 

0% 

(2%) 

0% 

(5%) 

0% 

(4%) 

0% 

(8%) 

+2% 

(12%) 

+6% 

(30%)   
-7% 

(40%) 

S3 
-2% 

(16%) 

-2% 

(15%) 

-1% 

(5%) 

0% 

(2%) 

0% 

(2%) 

-1% 

(4%) 

-1% 

(4%) 

-1% 

(8%) 

0% 

(11%) 

+8% 

(32%)   
-5% 

(41%) 

S4 
+1% 

(19%) 

-1% 

(17%) 

0% 

(6%) 

0% 

(2%) 

0% 

(3%) 

0% 

(5%) 

0% 

(4%) 

0% 

(9%) 

0% 

(11%) 

+1% 

(26%)   
-1% 

(46%) 

S5 
+1% 

(19%) 

+1% 

(19%) 

0% 

(6%) 

0% 

(3%) 

0% 

(3%) 

0% 

(5%) 

0% 

(5%) 

+1% 

(9%) 

-1% 

(10%) 

-2% 

(22%)   
+2% 

(49%) 

S6 
+3% 

(21%) 

-1% 

(17%) 

0% 

(6%) 

0% 

(2%) 

0% 

(2%) 

0% 

(5%) 

0% 

(4%) 

0% 

(9%) 

0% 

(10%) 

-1% 

(23%)   
+2% 

(49%) 

S7 
-7% 

(11%) 

+1% 

(19%) 

+1% 

(8%) 

+1% 

(3%) 

0% 

(3%) 

0% 

(5%) 

0% 

(5%) 

0% 

(9%) 

+1% 

(12%) 

+1% 

(26%)   
-3% 

(44%) 
           

 
 

  B1 B2 B3 B4 B5 B6 B7 B8 B9 B10 
  

B1-

B5 

BMIN -∞ -50k -25k -12.5k -6.3k 0k 12.5k 25k 50k 100k   -∞ 

BMAX -50k -25k -12.5k -6.3k 0k 12.5k 25k 50k 100k +∞   0k 

REF 

SFC 
17% 23% 8% 3% 3% 5% 4% 7% 9% 21% 

  
54% 

S7 
-8% 

(9%) 

-1% 

(22%) 

+3% 

(11%) 

+1% 

(4%) 

+1% 

(3%) 

+1% 

(5%) 

+1% 

(5%) 

+1% 

(8%) 

+1% 

(11%) 

+1% 

(22%)   
-4% 

(49%) 

S8 
+1% 

(17%) 

0% 

(23%) 

-1% 

(7%) 

0% 

(3%) 

0% 

(3%) 

0% 

(5%) 

0% 

(4%) 

0% 

(8%) 

0% 

(9%) 

0% 

(21%)   
0% 

(53%) 

S9 
-5% 

(12%) 

-5% 

(18%) 

-1% 

(7%) 

0% 

(3%) 

0% 

(3%) 

+1% 

(6%) 

+1% 

(5%) 

+2% 

(10%) 

+2% 

(11%) 

+4% 

(25%)   
-10% 

(43%) 

S10 
+8% 

(24%) 

-1% 

(23%) 

-2% 

(6%) 

-1% 

(2%) 

-1% 

(2%) 

0% 

(4%) 

0% 

(4%) 

0% 

(7%) 

-1% 

(8%) 

-2% 

(19%)   
+3% 

(57%) 

 

Note: Each row represents the results of a different sensitivity scenario, while each column represents a bracket 

in the distribution of FGAP results (incl. comfort premium) as shown in Figure 5 (section 5.2). The table cells 

show both the percentage point  difference in the amount of households that belong to this bracket (relative to the 

reference case) as well as the shares themselves. Deviations from the reference case that are larger than two 

percentage points are highlighted. Sensitivity results are shown in separate panels for IFC and SFC results 

respectively, since not every parameter for which a sensitivity scenario was performed is relevant in the 

calculation of both types of financing capacities (and the associated FGAP results). 
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6. Discussion 

The results correspond to the broad literature on income and wealth inequality in European 

countries. It should not be a surprise that households face an unequal capacity to renovate. This 

observation does not imply that the climate policy goals by 2050 are unachievable. In a country 

like Belgium, the annual deep renovation rate is currently below 0.5% [29]. Overall, the results 

indicate that approximately 50% of homeowners have the capacity to renovate towards a 2050-

proof level of energy performance. So the key observation is that – each year – less than 1% of 

the homeowners with the capacity to renovate currently commits to this journey. It is clear that 

access to sufficient financing mechanisms is a necessary enabler of renovation activities, but it 

does not guarantee in and of itself that the necessary renovation activities are initiated in practice 

– as also noted in previous work [30]. Therefore, the policy challenge for the next decade is to 

motivate a larger share of homeowners with sufficient resources to kick-off renovation 

activities. Passive information campaigns to motivate homeowners are unlikely to suffice, as 

they have been extensively deployed already with limited success [21]. However, a significant 

share of old and energy-inefficient houses will be sold between now and 2040. It can be 

expected that the need to transform old houses in order to protect their value will be increasingly 

reflected in real estate prices. Predicting real estate prices is very challenging, but lower prices 

– relative to income evolutions – for the most inefficient houses could partially erode the 

financial barrier. 

The severity of the financial barrier – as quantified in the results – could also be considered 

more explicitly in the traditional energy simulation approaches discussed in the introduction 

[11–15]. For example, a future techno-economic assessment of various (packages of) potential 

renovation measures could include the identified constraints on household financing capacities 

in the pareto analysis (whereby the most cost-efficient measures are found for each reduction 

level in terms of energy use or CO2 emissions). 

Finally, it should be noted that the methodology and its results are subject to some limitations. 

First of all, the methodology and its results are constrained by the available input data. Although 

the two consulted surveys contain a lot of valuable data, they remain imperfect to quantify the 

financing constraints of individual households with a high degree of precision. Most 

importantly, a limited amount of information is available about the buildings themselves, 

constraining the estimation of energy renovation costs and comfort premiums. The results are 

therefore limited to painting a general picture in terms of financings constraints. More precise 

datasets could further refine the findings in the future, although the performed sensitivity 

analyses already address uncertainties in the present study. 

The second limitation that should be kept in mind when interpreting the results relates to the 

fact that maximum financing capacities are estimated. To streamline the analysis and address 

the research goal, the maximum external financing is considered for each household as well as 



179 
 

their entire financial wealth. Therefore, the results reflect the financing constraints faced by 

households after committing all the funds available to them to the maximum degree. In practice, 

financing constraints may already suppress renovation activities before household resources are 

maximally exploited. Households may not consider it a realistic option to dedicate their entire 

financial wealth to a renovation project, or to take out the highest possible renovation loan. 

However, the results should not be interpreted as a prediction of the amount of renovations that 

would actually take place in practice – as this is not the research goal. A consideration of the 

various other renovation barriers is out of scope, as are the pay-back periods of the considered 

renovation investments. 

 

7. Conclusion 

To reach the stated climate- and energy-policy goals, a majority of the existing buildings across 

Europe needs to be renovated. It has often been hypothesized that the limited ability of 

homeowning households to finance these renovations forms a major barrier in this regard, 

although a thorough quantitative assessment of this barrier has so far remained completely 

unavailable in the literature. Empirical data is required to estimate both the renovation costs 

and financing capacities of homeowning households, which is exceptionally rare within a single 

database. In the presented case-study for the Flemish region in Belgium, this challenge is 

overcome by combining two empirical datasets through a process of stochastic sampling – 

thereby creating a synthetic database of 100 000 households. 

The results indicate that approximately half of all households cannot finance a renovation of 

their home towards the 2050-proof level of energy performance, regardless of whether the 

households need to perform an all-at-once renovation ‘tomorrow’, or divide the total renovation 

project into several steps spread out across time. Moreover, a significant amount of households 

face rather extreme shortages in terms of their financing capacity. Depending on whether all-

at-once or stepwise renovations are considered, and whether or not comfort premiums are 

included, 27% to 40% of households face of shortage of more than € 25 000. A comprehensive 

sensitivity analysis confirms the validity of the findings. In the sensitivity scenario exploring 

the potential impact of the COVID-19 crisis on the study results, it is found that especially the 

share of households facing the most extreme shortages in their financing capacities increases 

(by 8 percentage points). The overall share of households facing a shortage (of any size) 

increases from 54% to 57%, assuming a stepwise approach to financing renovation activities. 

Due to the quantified financial barrier, the renovation challenge cannot be resolved through 

conventional approaches like additional renovation subsidies or government-sponsored 

‘interest free renovation loans’. Subsidies would fall short because shortages in financing 

capacities lie in the order or magnitude of several tens of thousands of euros. Interest-free loans 

would not provide a structural solution either, because most households facing a shortage in 



180 
 

financing capacity are already subject to significant mortgage payments. If 30% or more of a 

household’s monthly income is already spent on paying off existing loans, there is little room 

to further increase the loan burden, even when the interest rate is 0%. The maximum share of a 

household’s income that can be spent on paying back loans forms a hard constraint in this 

regard. 

Fortunately,  approximately half of the homeowning households are capable of financing the 

necessary renovations. This is not at all reflected in current renovation rates. Therefore, the real 

short-term challenge relates to policy approaches that succeed in motivating the homeowners 

with sufficient resources. If this is successfully addressed in the next decade, the long-term 

challenge of resolving financial barriers and renovating the remaining segments of the building 

stock remains. 

In future research, the proposed methodology can be replicated in the context of other European 

countries for which similar empirical datasets are available. The application of stochastic 

sampling to this area of research forms an important contribution in this regard, as it is 

demonstrated as a feasible approach to overcome a fundamental barrier in terms of data 

availability. Namely, the fact that available datasets rarely contain both sufficient socio-

economic information about households (to estimate their financing capacities) as well as 

information about the buildings they own (to estimate renovation costs). Other methodological 

contributions are the inclusion of ‘comfort premiums’ to take into account investment costs 

beyond the purely technical energy renovation costs, and the proposed methods for estimating 

household financing capacities from both an ‘immediate’ and ‘stepwise’ perspective. These 

could also be replicated in different future case-studies, although it should be noted that the 

results for Flanders can already provide a valuable indication of the severity of the financial 

barrier to renovation in other European countries (or regions within them). Especially those 

countries (or regions) that are similar in terms of socio-economic characteristics, building stock 

and the temperate climate. 

 

8. Appendices 

Appendix A: Data collection and processing 

The data from both surveys is not available directly as a public download. In both cases, the 

respective organizations were contacted bilaterally in order to receive the data. In the case of 

the ‘HFCS III’ survey by the ECB, a standardized protocol is made available to academic 

researchers for the purpose of receiving access to the data. Only a limited amount of processing 

was needed on both of the datasets, as the raw survey data had already been extensively 

processed by the respective organizations. Given the unique combination of variables required 
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in the present study, the only processing that was needed was to delete households which lacked 

values for the required variables (<10% of the sample in both datasets). 

 

Appendix B: Attribution methodology for exceptional renovation costs 

When renovation costs are estimated, two exceptional situations need to be taken into account. 

On one hand, a small share of households own a home that no longer needs to be renovated to 

be 2050-proof. On the other hand, a number of households owns a building that is in such a 

poor condition that it is most advisable to demolish and rebuild it. According to Steunpunt 

Wonen, 5% of Flemish households are in the former situation, while 2.5% are in the latter [27]. 

The same report also claims that a renovation cost of € 200 000 can be assumed in the latter 

case. 

To determine which households in the synthetic database receive a renovation cost of € 0, 

building- and income-related variables are used. The top-5% of households which have the 

highest values for each of these variables are most likely to be associated with a very high level 

of energy performance, and can therefore be assumed to own the 5% of buildings that are 

already 2050-proof. These households are exempt from the standard renovation cost 

methodology, and are attributed a renovation cost of € 0 instead. Similarly, the variable 

“building state” (which is present in the Steunpunt Wonen survey) is used to identify which 

households can be exempt from the standard methodology and receive a renovation cost of € 

200 000 instead. It is namely the case that 2% of households in the Steunpunt Wonen survey  

have a value of “very bad” for this variable, which is seen as an acceptable approximation to 

the aforementioned 2.5% [27]. 

 

Appendix C: Estimation of comfort premiums 

After both the instantaneous and stepwise financing capacities of all households in the synthetic 

database were estimated (as explained in section 4.4), these values were used to help determine 

comfort premiums for each household. Given the fact that the IFC and SFC are different from 

each other in the case of every household, comfort premiums were estimated for both situations 

separately. 

The methodology to calculate the comfort premium is identical in both cases. First of all, the 

financing capacity of a household is labelled as low, medium or high, depending on whether it 

belongs to the bottom, middle or top third of the financing capacity distribution. Then two 

variables are used to estimate the comfort premium – building age and size – and the average 

is taken of the two estimates. Table C1 shows the assumed comfort premiums as a function of 

financing capacity, building size and building age. As an example, a household with a financing 
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capacity situated in the lower third of the distribution, whose home belongs to the third decile 

of building size and was built in 1975 would be attributed a comfort premium of € 9 611 (which 

is the average of € 7 222 and € 12 000). The full distribution of estimated comfort premiums is 

shown in Figure C1. 

 

Table C1: Indicative values used to determine comfort premiums (€) 

Building 

size decile 
Comfort premium (€)  

Building age 

category 
Comfort premium (€) 

1 5 000 10 000 15 000  Built before 1919 15 000 25 000 35 000 

2 6 111 11 667 17 222  1919 – 1945 15 000 25 000 35 000 

3 7 222 13 333 19 444  1946 – 1960 15 000 25 000 35 000 

4 8 333 15 000 21 667  1961 – 1970 12 000 20 000 28 000 

5 9 444 16 667 23 889  1971 – 1980 12 000 20 000 28 000 

6 10 556 18 333 26 111  1981 – 1990 9 000 15 000 21 000 

7 11 667 20 000 28 333  1991 – 2000 9 000 15 000 21 000 

8 12 778 21 667 30 556  2001 – 2005 9 000 15 000 21 000 

9 13 889 23 333 32 778  Built after 2005 5 000 10 000 15 000 

10 15 000 25 000 35 000      

 Low 
Mediu

m 
High   Low 

Mediu

m 
High 

 Financing capacity   Financing capacity 

 

Note: The values in these tables were estimated on the basis of expert judgement. In the case of comfort 

premiums as a function of the building’s size, values were determined through linear interpolation between an 

assumed minimum and maximum value (i.e. the values attributed to the first and tenth deciles). 

 

 

Figure C1: Distribution of estimated comfort premiums (€) 

 

Note: Comfort premiums are slightly different depending on the type financing capacity, because the latter 

codetermines the former. The top row of values beneath the X-axis represent the lower-bound of each category 

in the distribution, while the bottom row represents the upper-bound. 
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1. Overview 

To supplement the findings and conclusions of the previous chapters, this closing chapter takes 

a helicopter-perspective on the performed research, considers the coming decade and 

formulates some policy recommendations and final remarks. Although the topics dealt with in 

this dissertation are interconnected, this chapter is structured into separate parts for reasons of 

clarity. 

 

2. Conclusion on carbon accounting 

The main focus of this dissertation is the decarbonisation of the building stock and electricity 

system. This is no way is meant to imply that other goals should be ignored throughout the 

energy transition, like reducing energy poverty and ensuring an inclusive transition (e.g. as 

opposed to a transition in which only the top-half of the income distribution can actively 

participate). Such other goals are especially relevant in the context of buildings and mobility – 

two parts of the decarbonisation challenge in which social inequities are at risk of increasing. 

By contrast, it appears to be less problematic to focus almost exclusively on reducing carbon 

emissions in the electricity and industrial sectors. Even though the decarbonisation challenge 

in these sectors is also intertwined with societal issues like employment. With these disclaimers 

in place, it is worth reflecting on the increasing importance of carbon accounting and formulate 

some recommendations that can be made on this front.  

As a refresher, carbon accounting is split up in to three ‘scopes’ of emissions. Briefly 

summarised, Scope 1 constitutes the emissions that a company directly emits on its own 

premises, Scope 2 relates to the emissions associated with purchased energy – i.e. mainly grid 

electricity, but also heat or steam that was bought from another company – and Scope 3 are all 

emissions that are found elsewhere up or down the value chain of the company in question. 

This dissertation can be mostly situated around Scope 2 emissions, as the CO2 intensities 

associated with the production of electricity received a lot of attention. However, the official 

carbon accounting ‘guidance’ by the World Resources Institute (WRI)36 recommends that 

companies report both their location based and market based emissions [1]. This dissertation 

focussed on the first option, namely the emissions associated with consuming electricity at a 

particular location. Namely a particular European country, with its own CO2 intensity. By 

contrast, market-based emissions consider the specific contracts used by a company, for 

example a ‘green electricity contract’ signed with an electricity supply company, or even a 

power-purchasing agreement signed with a particular wind or solar farm. Such contracts offer 

a different perspective on carbon accounting, which lies out of scope of this dissertation. 

                                                      
36 This is part of the WRI’s Greenhouse Gas Protocol, which is the globally dominant standard for 

carbon accounting. 



188 
 

There are several reasons why carbon accounting can be expected to strongly gain in importance 

over the coming decade(s). The main and fundamental reason is that – if we want to reduce 

something, i.e. CO2 emissions – measuring the thing we want to reduce is essential. Similar to 

measuring the intake and burning of calories when trying to reduce bodyweight, it makes sense 

for companies across the economy to better understand and measure their emissions in the 

context of climate change mitigation. Another reason why carbon accounting is gaining 

importance is the fact that it plays an increasing role in determining which investment projects 

are eligible for certain kinds of financing. For example, the European Investment Bank (EIB) 

intends to no longer fund projects that are economically infeasible when a shadow cost of 

carbon37 is included in their cost-benefit analysis [2]. Similarly, it can be expected that certain 

kinds of Green Bonds that may proliferate in the coming decades will be closely tied to the 

ability of companies to accurately measure (the reduction of) their emissions. For the 

aforementioned reasons, it is sometimes said that “(carbon) accountants will save the world” 

[3]. 

It follows that the CO2 intensity of the electricity consumed by a company will become an 

increasingly important parameter to pay attention to. As illustrated in Chapter 2, the ‘freedom’ 

to pick and choose a range of different options in terms of the calculation methodology for CO2 

intensities has led to a wide variety of approaches in the academic literature. As concluded in 

this chapter, future academic research should not only strive to be more transparent about the 

methodological choices that are being made, but that those choices should also be better 

supported by explicit and coherent arguments. Considering the future of carbon accounting 

outside the academic realm, this recommendation can be extrapolated to companies and 

policymakers as well. In terms of realising the potential of carbon accounting to facilitate 

progress towards climate goals, it would be detrimental to allow the use of a mixture of 

conflicting CO2 intensity values and methodologies. By analogy, it would be similarly 

detrimental if each company performed its public financial accounting in its own creative way. 

Statistical agencies like Eurostat and the European Environmental Agency (EEA) have a role 

to play on this front. It can be recommended that policymakers should aim to improve the 

reporting of CO2 intensities by these agencies – for example by having them publish values at 

a higher-than-yearly temporal resolution (which can be relevant for companies whose 

electricity demand heavily fluctuates throughout the year) or to publish values that properly 

take into account cross-border exchanges of electricity between different European countries. 

The current reporting of CO2 intensities by the EEA still lacks such elements, and can therefore 

be meaningfully improved [4]. 

                                                      
37 This concept is distinct from the social cost of carbon, and will be continuously updated by the EIB 

throughout the coming decades [2]. It is meant to be aligned with the 1.5°C target of the Paris 

Agreement. 
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An upgrade to the available CO2-intensities that are based on empirical data would already 

support carbon accounting, but as shown in Chapters 2 and (especially) 3, forecasting the future 

evolution of CO2-intensities can also be especially important. Just as a company would make a 

financial investment decision based on expected future cashflows, from a carbon accounting 

perspective a company should be interested in the future emissions savings realised by one 

investment versus the other. Such a comparison can in part be dependent on how the CO2 

intensity of electricity can be expected to evolve in the foreseeable future. On this front, the 

main contribution of Chapter 3 is the publication of a coherently calculated database of CO2 

intensities for 28 European countries in the years 2025, 2030 and 2040. However, forecasts 

need to be continually updated, and this requires a time-investment by the appropriate 

institution. Therefore, it can also be recommended that policymakers – preferably at the 

European level – take the necessary measures for an institution like the Joint Research 

Commission (EU JRC)38 to openly publish rigorous CO2 intensity forecasts, and continually 

maintain and update them throughout the coming decade(s). 

The specific recommendations made above should be seen as part of a broader policy 

recommendation, namely to support the process of evolving towards a mature culture and 

system of economy-wide carbon accounting. Supporting this process can include a range of 

things that lie beyond the scope of this dissertation. For example, to deal with the unworkable 

‘mess’ of Scope 3 emissions by improving the regulatory framework surrounding carbon 

accounting [5]. 

 

3. Conclusion on primary energy accounting 

The recommendations with respect to the publication of present CO2 intensities (by Eurostat or 

the EEA) and future CO2 intensities (possibly by the EU-JRC) equally apply to primary energy 

factors for electricity (PEFs). Here as well, this dissertation identified the need and importance 

of making rigorously and transparently calculated values publicly available. This is not only 

important in the academic realm (as focussed on in Chapters 2 and 3), but also for policymakers. 

The ‘freedom’ granted by the large amount of methodological choices that need to be made 

when calculating a PEF can lead to perverse effects in policymaking. It is not advisable for 

(national) policymakers to consciously steer towards a particular set of methodological choices 

because they would result in a certain PEF value that is politically desirable for one reason or 

another. Improving the publication of present and future PEFs by the appropriate politically 

neutral institutions can therefore be recommended. 

The unique and crucial characteristic of the PEF – as opposed to CO2 intensities – is its central 

role in official building energy performance calculation methods, as dictated by the European 

                                                      
38 Or whichever other European institution may be deemed more appropriate. 
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framework (mainly the EPBD) and implemented across the Member States. In this capacity, 

the PEF has an impact on the market competition between different building-related 

technologies and renovation measures, like gas boilers, heat pumps, solar panels, roof-

insulation, etc.. Although the precise impact of PEFs on the competition between particular 

technologies requires further research, it is implied from the lobbying efforts by different 

organisations at the European level that it should not be underestimated [6–8]. 

It should however be noted that the PEF’s impact on market competition is of inferior 

importance compared to the price-ratio of fossil fuels and electricity. In some countries – 

including Belgium – the operation of fossil fuelled technologies like gas boilers has a significant 

competitive advantage compared to electrically-driven technologies like heat pumps. Although 

PEFs play a role, policies aiming to decarbonise the building stock can be advised to prioritise 

measures to tackle such a skewed price-ratio (if there is one). For example, by implementing 

an energy tax shift. 

A final point with respect to PEFs relates to primary energy use more broadly. As touched upon 

throughout this dissertation, the merits of focussing so heavily on the primary energy use of 

buildings – for another decade or more – can be seriously questioned. Policymakers should 

therefore consider to shift the focus to building-related CO2 emissions instead. In practice, this 

would likely require a fundamental change of the EPBD in one of its upcoming revisions. Until 

such a change is realised, policymakers at the national level are limited to ‘simply 

implementing’ the (PEF-focussed) European framework. Even though – strictly speaking – the 

EPBD already allows for Member States to supplement building primary energy targets with 

additional targets relating to CO2 or other metrics. 

The optimal set of measures to reduce a building’s CO2 emissions can be expected to largely 

overlap with the measures that are already taken in the context of the dominant primary energy 

targets. However, this overlap is not perfect. For example, installing a new gas condensing 

boiler can be totally in line with a primary energy target, while this is much less likely to make 

sense when the prioritised target focusses on CO2. Policymakers can therefore be recommended 

to view primary energy use as only being of secondary importance, given the fact that 

(arguably) it should not matter a great deal how much primary energy a building uses as long 

as it is decarbonised. 

 

4. Conclusion on the use of financial incentives to realise 

decarbonisation 

Making sure that the appropriate financial incentives are in place to drive market players across 

the economy towards a carbon-neutral future is commonly seen as one of the crucial building 

blocks for policymakers to focus on. That is not to say that setting incentives loose on the market 
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and hoping for the best is the only role for policymakers to play – far from it. Regulation 

obviously has a role to play  as well. For example, it may be useful to legally oblige building 

renovations under certain circumstances – instead of hoping that the right financial incentives 

will suffice on their own. Still, the role of incentives is not a minor one. 

Thanks to the European emissions trading system (ETS), a strong incentive to decarbonise is 

given to the electricity and industrial sectors. Especially now that the ETS carbon price is 

sharply rising (up to 63 €/tonne at the time of writing) and legislative initiatives to bring the 

system in line with the European 55% emissions reduction target for 2030 are already underway 

[9,10]. However, such incentives have so far remained elusive in the buildings sector, at least 

with respect to direct building emissions39. According to current proposals by the European 

Commission, this is set to change as both the buildings and transport sectors become subject to 

emissions trading as well (at some point in the coming decade). 

This general trend towards improved financial incentives will not only facilitate 

decarbonisation but also help to unlock the potential of small-scale flexibility. For example, the 

potential of assets located at the residential level – electric vehicles, heat pumps, home batteries, 

etc. – to support the integration of high renewable shares in the electricity system and maintain 

security of supply at the same time. As mentioned in Chapter 4 on the potential of home 

batteries, aligning financial incentives with societal decarbonisation targets – even at the level 

of hourly retail electricity prices – can be important in this regard.  

However, this does not mean that policymakers should try to push the large-scale proliferation 

of home batteries as a goal in and of itself. As a policy recommendation, it should be 

emphasized that the priority is to construct the appropriate landscape of financial incentives and 

regulations that lead to a cost-efficient decarbonisation. Assuming that such a landscape is in 

place, home batteries that operate in one way or another (e.g. minimising CO2 emissions) may 

become prevalent. But if they do not – even as battery prices continue to decrease – then this is 

not necessarily a ‘problem’ for policy makers to fix (e.g. with subsidies). 

In a similar vein, it can be recommended that policymakers should be careful not to focus 

financial incentives on the ‘wrong’ parameters – as they may unintentionally impede the 

decarbonisation process. An example of this is focussing on the ‘self-consumption’ of solar 

power by a particular building, neighbourhood or city. Such a narrow focus can be evaluated 

from a European perspective. If Spanish regulators would set incentives in such a way that an 

expansion of solar power capacity would only be attractive if the energy is guaranteed to be 

locally consumed, then this could slow down the European-wide decarbonisation effort. In 

principle, even the decarbonisation of Finnish industry may be partially dependent on large-

                                                      
39 Direct building emissions are not part of the current ETS, in contrast to the emissions related to 

building electricity consumption. 
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scale exports of solar power from the South of Europe. Caution is therefore advised, when 

parameters like self-consumption are fed directly into explicit incentive structures by 

policymakers. 

Realising a cost-efficient decarbonisation of the European electricity system and building stock 

is already extremely challenging. Adding any additional goals – like simultaneously wanting 

to achieve ‘energy independent neighbourhoods’ that fully consume their locally generated 

solar power – is therefore inadvisable. Such additional goals only create more hurdles to 

overcome, likely increasing both complexity and societal costs. 

 

5. Closing remarks on the search for optimality 

As indicated by the introductory chapter, the quest to identify the cost-optimal way to 

decarbonise individual (existing) buildings is already highly complex. Not only because 

different measures relating to insulation, ventilation and heating systems can theoretically be 

combined in countless ways, but also because user behaviour, the retail electricity bill and other 

modelling aspects present an enormous challenge. At the broader building stock level, the 

search for optimal solutions is complicated further through the interaction with electricity 

distribution, transmission and generation systems, as well as district heating grids and societal 

aspects like urban planning. 

Although this search for optimality will continue in the academic realm across the coming 

decade – leading to further insights that could surely be valuable – this does not mean that 

policymakers should necessarily wait for all the answers before they can act. Especially given 

the immense urgency of the climate and energy challenge. It can therefore be recommended 

that policymakers rely on rather simple heuristics that appear likely – given the current state of 

the science – to at least steer towards a near-optimal solution in the long term. 
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