
Open Research Online
The Open University’s repository of research publications
and other research outputs

Developing a generic System Dynamics model for
building stock transformation towards energy efficiency
and low-carbon development
Journal Item
How to cite:

Zhou, Wei; Moncaster, Alice; Reiner, David M. and Guthrie, Peter (2020). Developing a generic System
Dynamics model for building stock transformation towards energy efficiency and low-carbon development. Energy and
Buildings, 224, article no. 110246.

For guidance on citations see FAQs.

c© 2020 Elsevier B.V.

https://creativecommons.org/licenses/by-nc-nd/4.0/

Version: Accepted Manuscript

Link(s) to article on publisher’s website:
http://dx.doi.org/doi:10.1016/j.enbuild.2020.110246

Copyright and Moral Rights for the articles on this site are retained by the individual authors and/or other copyright
owners. For more information on Open Research Online’s data policy on reuse of materials please consult the policies
page.

oro.open.ac.uk

http://oro.open.ac.uk/help/helpfaq.html
https://creativecommons.org/licenses/by-nc-nd/4.0/
http://dx.doi.org/doi:10.1016/j.enbuild.2020.110246
http://oro.open.ac.uk/policies.html


 

 

Developing a generic System Dynamics model for 

building stock transformation towards energy 

efficiency and low-carbon development 
 

 

 

Wei Zhou * 1,2, Alice Moncaster 2,3, David M Reiner 1,4 and Peter Guthrie 2 

 

Accepted for publication in Energy and Buildings, 19 June 2020 

 

 

Abstract   

 

Promoting the decarbonisation of buildings requires effective policy measures. An integral part 

of policy design is ex-ante evaluation of possible policy options and effects. System Dynamics, 

one of a range of potential modelling paradigms, emphasises the dynamic complexity arising 

from stock-and-flow structures, feedbacks, non-linearities and time lags of the system in 

question. It is therefore well placed to model building stock turnover dynamics and the 

associated energy use and carbon emissions, in order to conduct scenario analysis for policy 

evaluation. Previous efforts to employ System Dynamics based models in buildings in various 

national contexts are found to have some common fundamental structural and behavioural 

limitations. We present an improved formulation that includes both building stock 

disaggregation and dynamics of energy-related retrofits. The model is characterised by greater 

transparency facilitating reproducibility and further improvements, high structural and 

functional flexibility for either extensions or reductions depending upon needs, and high 

generality and adaptability in diverse applications. It can be used as a stand-alone model or 

as part of a larger model for policy evaluation and scenario analysis exploring the 

transformation of building stock from improving energy efficiency and shifting towards low-

carbon development. 
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 Introduction 1 

The construction, operation and maintenance of buildings collectively are responsible for 36% of 2 

global final energy consumption and 39% of total direct and indirect energy-related CO2 3 

emissions in 2017 (Global Alliance for Buildings and Construction, 2018). Energy demand from 4 

buildings is expected to continue to rise. The main driving factors include a growing population, 5 

improved access to energy in emerging economies and developing countries, greater ownership 6 

and usage of energy-consuming equipment and devices, and rapid growth in the floor area of 7 

buildings. Operational emissions from buildings in 2018 reached a record high of 9.6 gigatonnes 8 

of CO2 as a result of the demand for building energy services growing at a faster pace than the 9 

decarbonisation of power generation for consumption of electricity and commercial heat (IEA, 10 

2019b). 11 

 12 

There exist enormous opportunities for energy savings and emission reductions from the 13 

operation of buildings, many of which are immediately available, highly cost-effective and often 14 

associated with significant co-benefits (IPCC, 2014; World Bank, 2014; IEA and IPEEC, 2015). 15 

Globally, widespread deployment of the best available technologies and effective implementation 16 

of energy efficiency policies have the potential to yield annual savings of approximately 53 EJ by 17 

2050 in the final energy consumption of buildings (IEA and IPEEC, 2015). This equates to a 29% 18 

reduction in projected building energy consumption relative to the business-as-usual scenario in 19 

2050, a level equivalent to the sum of building energy consumption in China, France, Germany, 20 

Russia, UK and US in 2012 (IEA, 2015), or nearly three-quarters of global electricity demand in 21 

2014 (IEA, 2015, 2016, 2017; IEA and IPEEC, 2015). 22 

 23 

However, the progress towards energy savings and emission reductions in buildings achieved 24 

by the international community so far has been limited and inadequate (Global Alliance for 25 

Buildings and Construction, 2019). This has resulted in the building sector being listed as well 26 
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"off-track" of the pathway required to achieve the IEA's Sustainable Development Scenario (SDS) 27 

and the goal of the Paris Agreement (IEA, 2019a). While energy use per unit floor area in 28 

buildings has been falling, the annual rate of reduction has actually been slowing over the last 29 

few years, from around 2% in 2015 to around 0.6% in 2018. Such rates of improvement are far 30 

from being sufficient to offset the annual increase in global building floor area, which between 31 

2017 and 2018 was 2.5% (IEA, 2019b). To bring buildings "on track" with the SDS, the annual 32 

rate of building energy intensity reduction globally would therefore need to increase to at least 33 

2.5%. Achieving this high-level target suggests a pressing need for expansion, strengthening and 34 

enforcement of mandatory building energy codes and standards, accelerated and scaled-up 35 

adoption of advanced technologies and best practices in new construction and retrofits, and 36 

enhanced access to finance to leverage more investments in sustainable buildings in the market. 37 

All these actions call for strong commitments from governments and specific policy measures 38 

that are well designed and effectively implemented. 39 

 40 

Ex-ante evaluation is an integral part of designing policies relating to energy savings and 41 

emission reductions in major energy end-use sectors such as buildings and construction sector. 42 

Modelling plays a key role in the evaluation process by allowing for the investigation of the 43 

trajectories of energy and emissions and enabling experimentation with potential policy 44 

interventions, therefore exploring possible pathways towards transformation to a highly energy 45 

efficient and low-carbon buildings and construction sector. There are a range of modelling 46 

paradigms applicable to model building stock performance and analyse energy saving and 47 

carbon emission reduction potential, either from a top-down perspective or a bottom-up 48 

perspective. This paper focuses specifically on one particular methodology, System Dynamics, 49 

which has been used in multiple settings. System Dynamics is a powerful modelling approach to 50 

policy design and analysis, featuring a capacity to model and investigate dynamic complexities 51 

arising from the model structures, causal relationships, feedback loops, non-linearities and time 52 

lags of the system in question (Sterman, 2000; Richardson, 2001; Shepherd and Emberger, 2010; 53 
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Kelly et al., 2013). Its emphasis on stock-and-flow dynamic relationships makes System 54 

Dynamics particularly well placed for use as a tool to model building stock energy and carbon 55 

performance. In turn, this performance is determined by stock turnover dynamics, increased 56 

energy demand due to incoming new buildings that are energy efficient, decreased energy 57 

demand due to removal of inefficient old buildings, and gains in energy savings through energy 58 

retrofits involving building envelopes and systems. The use of System Dynamics in buildings-59 

related studies has been gradually increasing in recent years. Up until 2010, just two studies 60 

have been identified, which focused on qualitative causal loop diagrams and decision-making 61 

relating to buildings and construction (Groesser, Ulli-Beer and Mojtahedzadeh, 2006; Groesser 62 

and Bruppacher, 2007). Since 2010, there have been a number of models developed to carry out 63 

national-level building stock energy analysis (Müller and Ulli-Beer, 2010, 2012; Schmidt, Jäger 64 

and Karl, 2012; Yücel, 2013; Onat, Egilmez and Tatari, 2014; Fazeli and Davidsdottir, 2015, 2017; 65 

Kleemann, 2016; Nachtrieb et al., 2017). There are also a few studies applying System Dynamics 66 

to model building physics at a detailed level (Xing, Lannon and Eames, 2013; Motawa and 67 

Oladokun, 2015). This paper aims to present a detailed critique of the fundamental structural and 68 

behavioural characteristics of existing System Dynamics models focusing specifically on building 69 

stock dynamics and energy performance. It then develops an improved model with high 70 

transparency enabling reproducibility and improvements, great flexibility for structural and 71 

functional extensions, and high generality and adaptability for applications in a wide variety of 72 

built environment contexts. 73 

 74 

The rest of this paper is organised as follows. Section 2 reviews existing System Dynamics based 75 

models for building stock and energy use and identifies and analyses some common structural 76 

and behavioural features that lead to unrealistic results. Section 3 then describes the proposed 77 

new model in detail and explains how it contributes to addressing the methodological limitations 78 

of previous models, while Section 4 summarises and concludes the paper. 79 

 80 
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 A review of System Dynamics models for the building sector 81 

Energy models can be broadly grouped into two categories, "top-down"  and "bottom-up" (van 82 

Vuuren et al., 2009; Herbst et al., 2012; Scrieciu, Rezai and Mechler, 2013; Hall and Buckley, 83 

2016). Energy models for buildings, a major energy end use sector, can be similarly categorised 84 

(Swan and Ugursal, 2009; Kavgic et al., 2010; Fazeli and Davidsdottir, 2017). Top-down building 85 

energy models treat the target building stock (such as the residential sector of a country or city) 86 

as an energy sink, without differentiating between individual end-uses. Using historical 87 

aggregated data on building energy consumption, top-down building energy models regress the 88 

energy consumption of building stock as a function of high-level demographic, macroeconomic, 89 

and climate related variables. Energy consumption can therefore be attributed to the 90 

characteristics of the entire building stock. This makes top-down models generally well positioned 91 

to conduct long-term energy demand and supply analysis, but not in the presence of 92 

discontinuities, such as paradigm shifts of the target building stock, energy-related technological 93 

advances or breakthroughs, etc (Swan and Ugursal, 2009; Hall and Buckley, 2016). Bottom-up 94 

building energy models, by contrast, are based on detailed samples of individual buildings 95 

instead of the entire building stock. Estimated energy consumption of samples of buildings is 96 

then extrapolated to represent the building stock, based on weights that reflect the 97 

representativeness of the samples. Bottom-up building energy models can be broadly divided 98 

into two subcategories, namely, statistical methods and engineering methods. Statistical methods 99 

utilise data from energy bills and surveys of a sample of buildings to establish statistical 100 

relationships between energy consumption and a range of potential explanatory variables 101 

through regression. A notable advantage of statistical methods is the ability to discern the effect 102 

of occupant behaviour, which can vary significantly. Engineering methods, on the other hand, 103 

explicitly calculate energy consumption of end-uses based on detailed descriptions of the 104 

sampled buildings' properties, such as geometry and envelope, and the energy end uses' 105 

characteristics such as capacity ratings and use patterns of equipment and appliances, indoor 106 

temperatures, etc. Such a high level of detail, as well as a high degree of flexibility, enable 107 
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engineering methods to model technological options and the impacts of new technologies which 108 

have no historical consumption data (Swan and Ugursal, 2009; Kavgic et al., 2010; Lopes, 109 

Antunes and Martins, 2012; Wilson et al., 2016).  110 

 111 

A more detailed discussion of top-down and bottom-up building energy models is beyond the 112 

scope of this paper. It is, however, useful to highlight that, according to the IPCC AR5 (Lucon et 113 

al., 2014), top-down/integrated models and bottom-up/sectoral models do not fully agree with 114 

regard to the extent of the mitigation potential of buildings and the key mitigation strategies. Top-115 

down models place a greater focus on energy supply-side measures for decarbonisation (e.g. 116 

fuel switching) than on final energy use reduction opportunities in buildings. By contrast, bottom-117 

up models emphasise the reduction of energy demand for both primary fuels and electricity 118 

through technologies for energy efficiency improvement, which is supplemented by further 119 

measures such as the shift towards low or zero carbon electricity.  120 

 121 

This paper focuses specifically on building energy models developed using System Dynamics. 122 

While usually addressing regional or national building stocks, due to the common approach of 123 

extrapolating the energy use of a representative set of buildings to the total energy use of regional 124 

or national building stock and not quantitatively involving the interrelations between building 125 

sector energy use and economic variables such as economic growth, income, fuel prices and so 126 

on, these existing System Dynamics based models for building sector energy use may be 127 

classified as bottom-up models (Swan and Ugursal, 2009; Kavgic et al., 2010; Fazeli and 128 

Davidsdottir, 2017).  129 

 130 

Previous such System Dynamics based building energy models have been applied in various 131 

national or regional contexts. One such model was developed by Müller and Ulli-Beer (2010) to 132 

analyse the transformation of Switzerland's stock of residential buildings towards high energy 133 

efficiency. The same model was also used by the authors as part of a larger model to explore 134 
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how the market, technology, civil society and the state govern the diffusion dynamics of energy 135 

efficiency retrofits and the carbon emissions of building stock in Switzerland (Müller and Ulli-Beer, 136 

2012). With a high level of aggregation, the model defines buildings in the stock as being in one 137 

of three conditions, new, good or bad. Over time, buildings move from being in a new condition 138 

to a good condition and later from a good condition to a bad condition. The shifts are modelled 139 

as first-order delays, with the assumptions that new buildings remain ‘new’ for 10 years on 140 

average, buildings in a good condition remain ‘good’ for 30 years on average, and buildings in a 141 

bad condition remain ‘bad’ and are not retrofitted, for 15 years on average. They used first-order 142 

delay in order to take account of variations in building-specific situations. However, 143 

mathematically this results in unrealistic extremities where some buildings move from new to bad 144 

condition in just a few years, while some other buildings remain in new or good condition for very 145 

long periods. Meanwhile, the model does not consider the removal of buildings, despite the high 146 

share of buildings in a bad condition in the total stock. This implies a very long building lifetime 147 

which is not further discussed in the study. The model further assumes that buildings in a bad 148 

condition are either retrofitted to reach the energy efficiency level of buildings in a good condition, 149 

or are reconstructed to become buildings in a new condition. The use of first-order delays for 150 

retrofit or reconstruction, together with the first-order delays used for the building aging process 151 

create a closed loop, which results in unrealistic scenarios where a new building can become old, 152 

get retrofitted and return again to a bad condition, within a very short timeframe, and 153 

unrealistically keep going through such cycles. 154 

 155 

A similar but expanded model structure was developed by Schmidt, Jäger and Karl (2012) to 156 

study the German residential heat market in. Compared to Müller and Ulli-Beer (2010), this model 157 

applied a demolition quota to model demolition of buildings in poor condition, which reflects reality 158 

more closely. However, the same three-vintage first-order structure is used to represent the aging 159 

process of buildings. As for retrofit, buildings in a poor condition, according to a defined retrofit 160 

quota, will undergo either non-energy-related retrofit or energy-related retrofit, and subsequently 161 
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be converted to buildings in good condition. Again, this retrofit dynamic is modelled using first-162 

order delay resulting in the same problem of a potential rapid cycle of condition deterioration and 163 

retrofit as observed in the previous model. Inevitably, this has implications for the modelled heat 164 

demand of buildings and the evolution of heating systems on the supply-side, which are 165 

interlinked in their model through heating demand reduction. The three-vintage first-order 166 

structure was also used by Yücel (2013) to investigate the extent of inertia caused by the existing 167 

building stock in the Netherlands. The first stock is for newly constructed buildings for 20 years 168 

on average, the second stock for medium-stage buildings for the next 20 years of life on average, 169 

and eventually the third stock for older buildings for the rest of their lifetimes. Demolition occurs 170 

to buildings in the third stock only. As in previous cases, this three-vintage first-order setup 171 

inevitably allows unrealistically short lifetimes of some buildings in the stock – some buildings will 172 

go through the three vintages in several years and subsequently get demolished. The retrofit 173 

structure of this model is different from previous models in that there is no movement of retrofitted 174 

buildings from old to medium-aged or new buildings. Instead, each of the three vintages (new, 175 

medium and old) undergoes a quota-based energy retrofit. However, as an implicit result, some 176 

buildings may undergo a very fast aging process, be retrofitted three times, and get demolished 177 

shortly after the last retrofit. Fazeli and Davidsdottir (2015) used largely the same three-vintage 178 

first-order delay structure to model the housing stock in Denmark, and to study the impact of 179 

various policies on the energy performance of residential stock in Iceland (Fazeli and Davidsdottir, 180 

2017). Despite their claim that their study improved the model of Yücel (2013), the energy 181 

demand of each vintage of buildings is modelled to reduce as a result of retrofit, thereby resulting 182 

inevitably in the same methodological issues as found in (Yücel, 2013), with newly constructed 183 

buildings potentially experiencing multiple rounds of retrofits over very short lifetimes.  184 

 185 

Onat, Egilmez and Tatari (2014) studied the mid- and long-term impacts of green building related 186 

policies on the possible 2050 trajectories of GHG emissions from the residential buildings in the 187 

US. They claimed that their study was the first attempt to quantify and outline the relative 188 
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importance of retrofitting compared with constructing new green buildings or net zero buildings 189 

in the US, modelling a total of 19 policy strategies. Structurally, their model has a lower degree 190 

of granularity compared with the 3-vintage models discussed above, with just two stocks: existing 191 

traditional buildings are represented by a single stock, as is the stock representing green 192 

buildings. The transformation of traditional buildings to green buildings through retrofitting is 193 

modelled through a first-order delay. Likewise, the demolition of traditional buildings is modelled 194 

as a first-order delay. This structure unavoidably makes their model subject to the same 195 

methodological problems as those discussed above.  In addition, the model assumes that green 196 

buildings are never demolished, despite the fact that the model is designed to study long-term 197 

impacts.  198 

 199 

Kleemann (2016) examined the potential self-attenuation of a residential building energy retrofit 200 

quota under various energy policy scenarios. The author developed and compared five models, 201 

including a non-dynamic model of retrofit, a simple dynamic retrofit model, a retrofit cycle model, 202 

a renovation-retrofit cycle model, and a retrofit chain model. The development from the first to 203 

the fifth model involved an increasing level of granularity of structural details, greater 204 

sophistication of logical and mathematical representations, and more plausible and less ad-hoc 205 

assumptions, which collectively lead to enhanced methodological robustness. However, similar 206 

to the other models mentioned above, there is a fundamental issue inherent in even the fifth and 207 

most elaborate version of Kleemann’s models. The first-order delay mechanism used to link a 208 

stock of buildings retrofitted n times with a stock of building retrofitted n+1 times implies that there 209 

always exist buildings that can be retrofitted on a continuous basis with very short intervals 210 

between two consecutive retrofits. Clearly this is not reasonable in reality, either technically or 211 

economically. 212 

 213 

A related issue is the way in which Kleemann’s model handles the demolition of buildings. 214 

Compared to previous models, demolition is tracked on an age-specific basis, with the ‘age’ of a 215 



9 

 

building being relative to the time elapsed since its last retrofit; this is therefore a methodological 216 

advance compared to previous models. However, it sets the annual demolition fraction of 217 

buildings, which are either unretrofitted or have been retrofitted for multiple times, as a proportion 218 

of the annual retrofit fraction, applied to the same buildings. Kleemann’s justification for taking 219 

this approach is that demolition is an alternative option to retrofit that reacts to the fact that a 220 

building has an accumulated ‘retrofit potential’ (which may also therefore be a ‘demolition 221 

potential’). However, this treatment tends to correlate demolition with retrofit and consequently 222 

downplays the impact of demolition, which may play a much more significant role in situations 223 

where building turnover rate is high. In addition, Kleemann's model does not include structures 224 

or components relating directly to energy, e.g. energy demand or energy consumption of 225 

buildings, energy savings due to retrofit, etc. What is modelled is indeed simply the "status" of 226 

buildings being retrofitted. 227 

 228 

Nachtrieb et al. (2017) presented a modelling framework for building energy consumption at 229 

national level, known as the CERC-BEE (Clean Energy Research Center – Building Energy 230 

Efficiency) Impact Model. Compared to Kleemann's model, the CERC-BEE model is a fuller 231 

framework where not only building construction and retrofit but also energy end use technology 232 

adoption are included. However, the way in which building retrofit is modelled by the CERC-BEE 233 

model is essentially the same as Kleemann's model, namely, periodic retrofit is assumed. The 234 

flow of retrofitted buildings, from the stock of buildings retrofitted x times to the stock of buildings 235 

retrofitted x+1 times, is modelled through dividing the stock of buildings retrofitted x times by a 236 

fixed time between retrofits. Since this again is a first-order delay, it does not rule out the 237 

possibility that a building retrofitted in a given year is retrofitted again in the immediately following 238 

year. Also, similar to Kleemann's model, this model assumes that buildings that remain in use for 239 

over 50 years will undergo energy retrofit five times. As the model's structure contains five cycles 240 

of retrofit, the five cascading first-order delays technically form a fifth-order delay. Hence, if t0 is 241 

the initial year when a cohort of new buildings are constructed, the stock representing buildings 242 



10 

 

having been retrofitted x times starts to build up from year t0+x+1, implying a certain non-243 

negligible amount of buildings will undergo energy retrofit once every year, from year t0+1 to year 244 

t0+x+1. For example, a portion of the new buildings that are constructed and put into use in 2019 245 

will therefore have been retrofitted five times by 2025. Moreover, while the model uses a hazard 246 

function to model demolition, an approach more reasonable than Kleemann's method, its setup 247 

results in the same problem – some buildings will still be demolished immediately after their 248 

retrofits.  249 

 250 

In summary, previous System Dynamics based models for stock-level building energy 251 

performance share some common structural setups and behavioural characteristics with respect 252 

to building aging dynamics and energy-related retrofits. From a methodological perspective, 253 

these are, either explicitly or implicitly, based on assumptions that appear to be questionable or 254 

implausible in the real world. The 3-vintage structure pre-defines a fixed profile of building lifetime 255 

distribution which may be significantly different from the reality. A related issue is that buildings 256 

within a vintage (a stock) are implicitly assumed to be subject to the same risk of being 257 

demolished regardless of their actual age and physical conditions. Regarding retrofit as a key 258 

measure to improve building energy efficiency, it is also unrealistic to see a building undergo 259 

multiple rounds of retrofits within a short timeframe. Similarly, retrofitting a building soon after it 260 

is built, or demolishing a building soon after it is retrofitted, makes little economic or technological 261 

sense in the real world. Although these studies have begun to address some of the stock-flow 262 

dynamics in the building sector, the identified shortcomings call into question the robustness and 263 

fidelity of the models, the resultant emergent behaviours in terms of stock dynamics and energy 264 

performance, and the subsequent analysis of policies based on these models.  265 

 266 

From this detailed review, we conclude that although there has been substantial progress in 267 

developing a first wave of System Dynamics models of building stock energy, important research 268 

gaps remain. An improved model is needed which will better capture and model building stock 269 
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and energy dynamics, which will, in turn, generate more reasonable and meaningful modelling 270 

outputs that can inform policy design and evaluation. In Section 3, we further elaborate these 271 

methodological issues and their implications and explain how they are addressed in our model. 272 

 273 

 Model description and discussion 274 

This section presents an enhanced System Dynamics model for building stock turnover and the 275 

associated energy performance of buildings. It describes in detail how the model has been 276 

conceptualised and developed to address the methodological limitations of previous models as 277 

discussed above. 278 

 279 

 Level of stock disaggregation 280 

The collective salient features of the previous building stock models can be represented using 281 

the model in Figure 1. Essentially the building stock is composed of 3 vintages (sub-stocks) 282 

representing buildings that are newly constructed and in their early stage, buildings that are 283 

relatively aged and in their medium stage, and buildings that are old and in their late stage leading 284 

to final demolition. Outflows from each sub-stock are modelled using first-order delays. 285 

 286 

 287 

 288 

 289 

Figure 1: Commonly used 3-vintage structure in previous models 290 
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 291 

Assuming the delay time for each stage is equal, e.g. 10 years, the setup of cascading the 3 first-292 

order delays in series creates a third-order delay. Mathematically, the final outflow representing 293 

building demolition is the convolution of the sequence of first-order delays (Fadali and Visioli, 294 

2013). Statistically, the distribution of the final outflow is equivalent to the Erlang distribution 295 

specified by a shape parameter equal to 3 and a scale parameter equal to 10 (Forbes et al., 296 

2011). These two parameters suggest that the average lifetime of buildings in the stock is 30 297 

years and the standard deviation is 17.3. Such a model setup implicitly pre-defines a fixed lifetime 298 

distribution of a cohort of new buildings, without considering that it is highly likely to be different 299 

from the situation in reality. Even if the delay time for each stage is not set to be identical, as with 300 

some models, the cascaded third-order delay leads to a unique pre-defined and fixed lifetime 301 

distribution. Therefore, the problem that the assumed lifetime distribution substantially differs 302 

from reality remains.  303 

 304 

More fundamentally and critically, the first-order delay mechanism for outflow from a stock, as 305 

commonly seen in the above-mentioned models, implies perfect mixing of the individual elements 306 

in the stock (Eberlein, Thompson and Matchar, 2012). Once an individual item flows into the 307 

stock, it immediately gets mixed up with (and becomes indistinguishable from) all other items that 308 

flow into the stock at the same time and also those existing items that have already been in the 309 

stock for some time. All items in the stock have the same average residence time in the stock 310 

and therefore are subject to the same probability of exiting the stock, which is equal to the 311 

reciprocal of the average residence time, regardless of their age. The same feature is also 312 

described by statisticians as an exponential distribution having a “lack of memory” or being 313 

“memoryless”, suggesting that the hazard rate is constant and independent of time and past 314 

survival experience (Forbes et al., 2011; Liu, 2012). This feature results in an undesired 315 

consequence that is referred to as “cohort blending” in some contexts. Cohort blending leads to, 316 

for example, large distortions in simulated mortality and morbidity in chronological aging 317 
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processes in demographic dynamics (Eberlein and Thompson, 2013). 318 

 319 

Analogously, in the context of building stock, perfect mixing implies that all buildings have the 320 

same chance of leaving the stock. This means, for example, as in previous three-vintage models, 321 

all buildings in the early-stage sub-stock have the same chance of moving to the medium-stage 322 

sub-stock, regardless of their actual age and physical condition. Similarly, all buildings in the late-323 

stage sub-stock have the same chance of leaving due to physical demolition or functional disuse, 324 

regardless of their age and physical condition. In practice, it is considered highly unlikely that a 325 

newly constructed building would be equally likely to be demolished or disused as an old building 326 

that already has been in use for 50 years. Intuitively, for a given stock consisting of buildings built 327 

at different times, the probability of buildings leaving the stock would be expected to be higher 328 

for older buildings than for younger buildings, suggesting a general trend of increasing risk for 329 

buildings in the stock over time. As an equivalent way of interpreting this logic, it is unrealistic to 330 

assume that a cohort of new buildings entering a stock would be in service for exactly the same 331 

time period, say, 50 or 100 years, and then leave the stock due to demolition or disuse 332 

simultaneously. Uncertainties associated with their lifetimes within the stock shall be taken into 333 

account appropriately. 334 

 335 

Taking account of these concerns, our model disaggregates the aging process of buildings into 336 

a chain of a series of cascading sub-stocks, each of which represents a particular age group of 337 

buildings. The fundamental mechanism is that, on the aging chain, the sub-stock j receives the 338 

outflow of sub-stock j-1 as its inflow, undergoes an aging process, and subsequently sends its 339 

outflow to sub-stock j+1. It is necessary to explicitly model the removal of demolished/disused 340 

buildings from each sub-stock to reflect the consideration that each sub-stock of buildings is 341 

subject to its own specific hazard rate. In addition, it is also necessary to include the residence 342 

time length of buildings in each sub-stock, which is used to calculate the aging flow rate that 343 

connects two neighbouring sub-stocks. The residence time length is termed the age group 344 
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duration in the model (Figure 2). Whilst it is also likely that there might be additional inflows to 345 

the sub-stocks, e.g. reinjection of retrofitted buildings, they are not illustrated here for visual 346 

succinctness, but will be discussed in detail in later sections.  347 

 348 

 349 

Figure 2: Aging chain with explicit modelling of sub-stock specific demolition 350 

 351 

Key to the above aging chain structure is the extent of disaggregation. The question therefore is 352 

what the appropriate duration of each age group would be. As a sub-stock is used to group 353 

buildings in an age range, buildings within a sub-stock are considered homogenous. Therefore, 354 

the aging from this sub-stock to the next one is modelled as a first-order exponential delay 355 

process. To avoid having the undesirable perfect mixing effect, which is precisely the original 356 

purpose of applying an aging chain, the duration of each age group is set to be no longer than 1 357 

year. Setting each age group to 1 year means that buildings do not reside in a sub-stock for 358 

longer than 1 year before shifting to the next sub-stock. Meanwhile, it would make little sense in 359 

practice to look at building age at a resolution level finer than 1 year, e.g. 1 month. Therefore, the 360 

duration of each age group is set to be 1 year. More critically, for this level of disaggregation to 361 

fully make sense, it is necessary to set the computational interval (dt), namely, the time step of 362 

the model, to be the same as the age group duration, i.e. 1 year. Technically, the computational 363 
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interval could be finer than 1 year, however this would cause mixing within a sub-stock as long 364 

as the age group duration is larger than it, such as 1 year. Although the same solution can be 365 

applied to overcome the mixing issue, namely, by further disaggregating each sub-stock into 366 

1/(computational interval) sub-stocks, this is not considered practically useful because: (a) 367 

building age and probability of being demolished/disused estimated at a resolution level finer 368 

than 1 year would not make much sense in reality; and (b) a significantly larger number of sub-369 

stocks will be created, inevitably adding excessive details with little extra value and unnecessarily 370 

increasing model complexity and computational cost.  371 

 372 

This setup discretises the chronological aging process. The high level of granularity offers a 373 

detailed representation of sub-stocks characterised by heterogeneity with respect to factors 374 

affecting building lifetime (and associated energy properties, once additional layers are added to 375 

the model). It therefore enables the functionality of separately tracking the discretely aging 376 

process of buildings and experimenting policy interventions targeting buildings of specific age 377 

groups. For example, given a large stock consisting of residential buildings constructed over the 378 

past 40 years, a policy-maker may want to know how buildings constructed in 2010 have been 379 

performing in terms of energy consumption from 2011 to 2019, what the building stock in 2019 380 

looks like in terms of its composition of buildings of different ages and the corresponding energy 381 

performance, what would be the possible trajectories of stock-wide average energy intensity from 382 

2020 to 2030 if an energy efficiency retrofit programme targeting buildings older than 20 years is 383 

implemented in 2020, and so on. 384 

 385 

Using subscripting techniques, the model structure is then re-formulated to improve 386 

representation and analytical convenience, while keeping the same underlying concept and 387 

capacity. As shown in Figure 3, the building stock can be viewed as a stack of multiple sub-stocks 388 

that are not explicitly represented but rather implicitly included. The number of the sub-stocks 389 

can be flexibly set, depending upon the possible maximum lifetime of buildings in the context 390 
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being investigated. For any given year, the total stock of buildings in use is the sum of the age-391 

specific sub-stocks. 392 

 393 

 394 

 395 

Figure 3: Reformulated aging chain structure 396 

 397 

This model structure enables setting the age-specific risk (hazard rate) of building demolition 398 

based on available information and data, as opposed to previous models where the lifetime 399 

distribution of buildings is arbitrarily pre-defined and fixed. Introducing such flexibility in the 400 

model’s functionality is significant because it allows context-specific variations to be taken into 401 

consideration. As demonstrated by Figure 4, for a given pulse input representing a cohort of new 402 

buildings put into use in 2019, the Erlang-distributed outflow of the 3-vintage model (mean 30 403 

and standard deviation 17.3) can be moderately different from that of the disaggregated aging 404 

chain model. In the latter, the age-specific risk (hazard rate) may be derived from a certain form 405 

of building lifetime distribution with the same mean (30) and standard deviation (17.3), such as 406 

Lognormal, Weibull, etc. However, it should be noted that this is an extreme and rare scenario 407 

most in favour of the Erlang distribution derived from the 3-vintage model. The actual building 408 

lifetime distribution, which may be approximated by a Weibull, Lognormal or some other form of 409 

parametric distribution, can be significantly different from this pre-defined Erlang distribution, 410 

which consequently is a seriously distorted representation of reality. To illustrate this point, 411 
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consider a much less extreme and  more general scenario where the standard deviation of a 412 

Weibull or Lognormal distribution is different from that of the pre-defined distribution; in these 413 

cases, the difference in the shape of the demolition distribution as the outflow from the building 414 

stock is much more pronounced (Figure 5(a)). To further loosen the constrain by allowing a mean 415 

value different from the per-defined distribution, we obtain the most general and common 416 

scenario where the actual building lifetime distribution (approximated by a Weibull or Lognormal 417 

distribution) is significantly different from the pre-defined Erlang distribution, as shown by the 418 

difference in the shape of annual demolition in Figure 5(b). Inevitably such difference in stock 419 

aging dynamics, which can be very significant, will be propagated to stock energy performance, 420 

which in turn will have direct implications for policy analysis. As the stock size and composition 421 

are fundamental determinants of stock-level energy performance, an overly simplified model 422 

representation of lifetime distribution and aging process that deviates significantly from what is 423 

close to the reality is highly unlikely to generate reasonable modelling results and deliver 424 

insightful policy recommendations. 425 

 426 

 427 

Figure 4: Comparison of outflow profile between the 3-vintage model based on an Erlang 428 
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distribution and the disaggregated aging chain model based on a Lognormal or Weibull 429 

distribution of building lifetime. Same mean (30) and same standard deviation (17.3) are 430 

assumed. 431 

 432 

(a) 

 

(b) 

 

 433 
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 434 

Figure 5: Comparison of outflow profile between the 3-vintage model based on an Erlang 435 

distribution and the disaggregated aging chain model based on a Lognormal or Weibull 436 

distribution of building lifetime. (a) Same mean (30) but different standard deviations; (b) different 437 

means and different standard deviations. 438 

 439 

The outflow is determined by the age-specific hazard rate. Its shape reflects the lifetime 440 

distribution of the same cohort of buildings. Therefore, provided that sufficient empirical data on 441 

building lifetime can be obtained, such as through on-site survey targeting demolished buildings, 442 

the approximate lifetime distribution can be derived for use in the disaggregated aging chain 443 

model. Alternatively, when lifetime data is limited or unavailable, but data on annual total stock 444 

size and annual new construction is available, it is possible to calibrate the parameters specifying 445 

the lifetime distribution function, e.g. the shape and scale parameters of a Weibull distribution.  446 

 447 

Thus, going from Figure 4 to Figure 5(a) and further to Figure 5(b), we have taken a progressive 448 

approach to illustrate the fundamental methodological limitation of those 3-vintage models and 449 

contrast it with our model, which can overcome this limitation. The highly disaggregated structure 450 

of our model enables the representation of building lifetime distribution in a significantly more 451 

realistic manner than the previous 3-vintage models. It offers the functionality of calibrating the 452 

lifetime distribution (the shape of the curve) based on empirical data, whereas the previous 453 

models do not, because they pre-defined and fixed the lifetime distribution, such as an Erlang 454 

distribution. 455 

 456 

In summary, in comparison with the 3-vintage first-order delay structure which pre-defines and 457 

fixes building lifetime distribution, our proposed model setup provides both the high granularity 458 

and the flexibility necessary for calibrating the building lifetime distribution profile using empirical 459 

data. 460 
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 461 

 Dynamics of retrofits for energy efficiency 462 

The effect of adding new energy-efficient buildings will be limited when there is a very large stock 463 

of existing less efficient buildings, which creates inertia against stock-wide energy transition. This 464 

situation calls for energy-related retrofit of existing buildings. Depending upon the strategies 465 

taken, retrofit has the potential to significantly accelerate the process of transforming a building 466 

stock to attain a desired level of energy efficiency5. 467 

 468 

Energy retrofit can be explicitly modelled by adding an additional sub-stock “retrofitted building 469 

sub-stock”, auxiliary variables and related feedback loops to the original aging chain (Figure 6). 470 

The inflow to this sub-stock is the amount of buildings at various ages that undergo retrofit, which 471 

is taken out from the original building sub-stock. In the retrofitted sub-stock, buildings continue 472 

their aging process while being subject to age-specific hazard rates. They differ from buildings in 473 

the original sub-stock in terms of their energy intensity levels as the result of retrofit. The age-474 

specific retrofit rate per year is controlled by a default retrofit profile and a retrofit accelerator 475 

functioning as a multiplier to model various policy scenarios.  476 

 477 

 

5 This assumes that building operational characteristics and occupant behaviours do not vary significantly. 
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 478 

Figure 6: Interaction between main and dedicated sub-stocks of retrofit model 479 

 480 

The energy demand reduction due to retrofit is represented by an additional outflow applied to 481 

the energy demand sub-stock of the original co-flow structure (Figure 7). This outflow is 482 

determined by the amount of retrofitted buildings and the energy intensity reduction achieved by 483 

retrofit. The latter is modelled as a percentage of the age-specific average energy intensity of 484 

existing buildings (including both retrofitted and unretrofitted buildings). The percentage is 485 

controlled by the variable “retrofit depth”, representing the extent to which the energy intensity of 486 

existing buildings will be improved through a number of possible energy-related retrofit options 487 

in this context. It is fully recognised that in reality there exist a range of energy-related retrofit 488 

activities, with considerable variability and uncertainty over the achieved energy intensity 489 

reduction. As the purpose of this study is to develop a high-level generic model, the granularity 490 

at the level of specific retrofit activities is beyond the boundary. However, the model has the 491 

capability of taking account of the retrofit depth's variability. This can be done through converting 492 

the retrofit depth from a single value (e.g. 10%) to a distributional profile, which represents the 493 

share of a certain level of retrofit depth in all practically feasible levels of retrofit depth. For 494 
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example, retrofit activities realising a depth of 5% to 10% accounts for 30%, retrofit activities 495 

realising a depth of 11% to 15% accounts for 40%, and so on. Such a profile will need to be 496 

established using empirical data collected from the specific context to which this generic model 497 

will be applied. In this paper, the generic model uses a single value for retrofit depth just as an 498 

indicative value. 499 

 500 

 501 

 502 

 503 

Figure 7: Dynamics of energy demand of retrofit model 504 

 505 

 506 

So far, the model setup has assumed that a building will undergo at most one energy retrofit 507 

throughout its lifetime. The possibility that a building may be retrofitted two or more times is 508 

currently ruled out. This, however, is not necessarily consistent with real world behaviour, 509 

particularly in contexts where buildings are relatively long-lived. Sometimes for a large stock with 510 

a significant share of old buildings, strong policies may be designed and implemented to 511 



23 

 

accelerate stock transformation by stimulating multiple rounds of retrofit that would not 512 

necessarily have been carried out otherwise. To accommodate the possibility of multiple retrofits, 513 

the model is now therefore extended by adding additional variables and functionalities.  514 

 515 

Key to the multiple-retrofits model is the reinjection of retrofitted buildings back into the building 516 

sub-stock. Unlike the previous single-retrofit model, where retrofitted buildings stay in the 517 

retrofitted building sub-stock and undergo aging and demolition process, the retrofitted buildings 518 

in the multiple-retrofits model only stay in the retrofitted building sub-stock only for a certain period 519 

of time before being reinjected into the main building sub-stock, which is then a mix of non-520 

retrofitted and retrofitted buildings. During the period in the dedicated retrofitted building sub-521 

stock, the retrofitted buildings undergo an aging process as usual, and also continue to be subject 522 

to age-specific probabilities of being demolished/disused (Figure 8). 523 

 524 

 525 

 526 
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Figure 8: Interaction between main and dedicated sub-stocks of multiple-retrofits model 527 

 528 

 529 

Here, the major purpose of having the dedicated sub-stock for retrofitted buildings is to take into 530 

account the fact that a newly retrofitted building is highly unlikely to be retrofitted for the same 531 

purpose again in the short term. This overcomes the issue of too-early retrofits found in previous 532 

models. Holding these retrofitted buildings in this sub-stock for a certain period prevents this 533 

situation from happening in our model. The retrofitted buildings in this dedicated sub-stock will 534 

continue to age and may possibly be removed due to demolition, depending upon age-specific 535 

hazard rates, but will not be retrofitted. The secondary purpose is to take into account the fact 536 

that a newly retrofitted building is much less likely to be demolished or become disused in the 537 

short term. Whilst in reality the possibility of being demolished or disused cannot be completely 538 

ruled out due to various factors, it would be reasonable to assume that newly retrofitted buildings 539 

are likely to be subject to lower hazard rates than other buildings of the same age which have 540 

not been recently retrofitted. This is intuitive because building retrofit involves not only 541 

technological analysis, but also economic evaluation which is more important in practice. The 542 

decision to retrofit or not has to be informed by cost and benefit analysis. A decision to retrofit 543 

would not have been made if the decision-maker had known there would not be a sufficiently 544 

long remaining lifetime of a building to cover the payback period. An equivalent way of interpreting 545 

this logic is that, given a large sample size, newly retrofitted buildings are expected to have on 546 

average longer remaining lifetimes than non-retrofitted buildings with the same ages. In addition, 547 

sometimes an energy-related retrofit activity is carried out as part of a more general renovation 548 

activity such as structure and facade, which can result in building lifetime extension (Crawford et 549 

al., 2014) and a reduced hazard rate over the expected remaining lifetime of a building. The 550 

difference in hazard rate (demolition probabilities) between retrofitted and non-retrofitted 551 

buildings is accounted for in the model, as discussed below. 552 

 553 
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As a default setting, the "holding" period of the dedicated sub-stock, i.e. the interval between two 554 

retrofits, is set at 10 years. This means the dedicated sub-stock is a stack of 11 sub-stocks 555 

representing 1 year for completing the retrofit and the subsequent 10 years of having the benefits 556 

of improved energy efficiency while undergoing the aging process. The choice of a 10-year-period 557 

is indicative. The model allows the length of this period to be changed recognising the variation 558 

in different contexts and thus the need for adaptation. Under the default setting of a 10-year 559 

holding period, a retrofitted building enters into the dedicated sub-stock and starts to age for 10 560 

years with respect to its original lifetime, provided that it will survive to the expiry of the holding 561 

period. Meanwhile, it also becomes "older" with respect to its post-retrofit age, e.g. 5 years after 562 

its retrofit. In a sense, this can be viewed as a double-aging process in the dedicated sub-stock. 563 

For example, by 2025, a 20-year-old building retrofitted in year 2020 will be both 25 years old 564 

and in the 5th year post retrofit. Provided that this particular building remains in use, when it leaves 565 

the dedicated sub-stock in 2030 it will be 30 years old and also 10 years post retrofit. To model 566 

this double-aging process, the model uses a double-subscripting method to denote a building in 567 

the dedicated sub-stock, i.e. year-after-construction and year-after-retrofit. This process can be 568 

illustrated using Figure 9. 569 

 570 

 571 

Figure 9: Illustration of “double-aging” process during post-retrofit period 572 

 573 
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 574 

As for the demolition, the default hazard profile is set to be the same as the one applied to the 575 

main sub-stock, e.g. a hazard profile derived from a parametric survival model estimated from 576 

empirical data. The variable "double-subscripted hazard" is numerically treated in such a way 577 

that it ensures, in the default scenario, that a t-year-old building that is retrofitted and thus enters 578 

into the dedicated sub-stock will have age-specific hazard rates for the next 10 years (holding 579 

period) as if it did not undergo retrofit and remained in the main sub-stock. In other words, the 580 

default setting assumes that a building's aging process and demolition profile are not changed, 581 

before and after its retrofit. What have changed are its property (energy performance) and its 582 

temporary status of not undergoing retrofit over the next 10 years while staying in the dedicated 583 

sub-stock. As discussed above, it would be reasonably expected that a newly retrofitted building 584 

will be subject to much lower risk of demolition or disuse, at least during the initial few years after 585 

its retrofit. The double-subscripted hazard variable can be adjusted to reflect this consideration, 586 

either arbitrarily or based on empirical evidence. The variable "Demolition (retrofitted) On/Off" 587 

serves as a switch, with “On” enabling the application of any profile of double-subscripted hazard, 588 

and “Off” representing an extreme scenario where no demolition/disuse will happen to a 589 

retrofitted building within the 10-year post-retrofit period. The default hazard profile of retrofitted 590 

buildings in the dedicated sub-stock is set to be the same as the one for the main sub-stock. In 591 

real applications, this profile can be flexibly set, for example, to a higher mean value as the result 592 

of retrofitted buildings' lifetimes being prolonged. The “Off” setting is therefore a special case of 593 

the flexible hazard profile of retrofitted buildings. In short, various settings can be made to the 594 

dedicated sub-stock to experiment with different policy scenarios and the resultant dynamics of 595 

retrofitted buildings and implications for energy performance.  596 

 597 

Retrofitted buildings surviving to the expiry of the holding period are released and reinjected back 598 

into the main building sub-stock, where they get mixed with other buildings, including newly 599 

constructed buildings, old buildings which have never been retrofitted, and those which have 600 
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already been retrofitted once or more. In the main sub-stock, buildings of the same age have the 601 

same chance of being retrofitted, regardless of whether or not they have already been retrofitted. 602 

A retrofit profile is applied to different age groups. The default setting takes a simple approach: 603 

the profile is arbitrarily exogenously defined to be time-invariant. The time-invariance means the 604 

retrofit rate applied to a specific age group of buildings is not a function of time, e.g. 10-year-old 605 

buildings in 2019 have the same retrofit rate as 10-year-old buildings in 2029. Depending upon 606 

modelling assumptions, the profile can be time-variant to reflect policy strengths in response to 607 

the trend of building stock energy performance. It may also be converted to an endogenously 608 

defined variable to enable the dynamic interplay between stock energy performance and policy 609 

interventions.     610 

 611 

As afore-mentioned, the default setting of the holding period is fixed as 10 years. This is indicative, 612 

assuming a constant interval between two retrofits. In reality, retrofit intervals of buildings may 613 

vary due to a range of technological, economic and social factors. To recognise the uncertainty 614 

with respect to this parameter, a solution is to create multiple dedicated sub-stocks for retrofitted 615 

buildings and place them in parallel with the existing one. Each dedicated sub-stock is used to 616 

keep retrofitted buildings for a different holding period, e.g. a dedicated sub-stock with 12 617 

vintages is for 11-year holding period, a dedicated sub-stock with 13 vintages is for 12-year 618 

holding period, and so on. Then the to-be-retrofitted buildings flowing into the original dedicated 619 

sub-stock can be distributed across these parallel dedicated sub-stocks, based on some 620 

distribution profile. For example, a total of 11 dedicated sub-stocks may be used to represent the 621 

range of 10-year to 20-year holding periods, with the first one having 11 vintages and the last 622 

one having 21 vintages. As an initial setting, the inflow into these sub-stocks may be distributed 623 

uniformly. When empirical data is available and sufficient, a distribution better describing the 624 

probability densities of various length of the holding period may be informed. Such a more 625 

sophisticated setup can be easily reduced back to the original default version by adjusting the 626 

distribution so that all to-be-retrofitted buildings will flow into the first dedicated sub-stock, namely 627 
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the original one with 11 vintages (10-year holding period).  628 

 629 

 630 

Figure 10: Dynamics of energy demand of main sub-stock of multiple-retrofits model 631 

 632 

 633 

Similar to the settings for building stock, the (operational) energy demand of buildings is 634 

represented by using two sets of sub-stocks, with one for the main sub-stock and the other one 635 

for the sub-stock dedicated for retrofitted buildings experiencing the holding period. Compared 636 

to a regular co-flow setup, the energy demand of main sub-stock features an additional outflow 637 

of energy demand reduction due to outflow of buildings undergoing retrofit, and an additional 638 

inflow of energy demand increase due to reinjection of retrofitted buildings having survived the 639 

holding period (Figure 10). The outflow is determined by the amount of retrofitted buildings per 640 

year and the age-specific average energy intensity per year. It is useful to note that this outflow 641 

by itself is the sum of the outflows of energy demand reduction applicable to each of the age 642 

groups. As for the inflow, it is the total amount of energy demand of retrofitted buildings at all 643 
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ages that survive their 10-year holding period and return to the main sub-stock of buildings. This 644 

inflow links the energy demand of main sub-stock with the energy demand of the sub-stock 645 

dedicated to retrofitted buildings, which has the typical structure of co-flow mirroring the structure 646 

of the sub-stock dedicated to retrofitted buildings themselves (Figure 11). This sub-stock is also 647 

double-subscripted to reflect the energy performance as a property of the retrofitted buildings 648 

experiencing the double-aging process. The inflowing energy demand into this sub-stock is a 649 

function of expected energy intensity of retrofitted buildings, which is a key target of policy 650 

interventions.  651 

 652 

 653 

 654 

Figure 11: Dynamics of energy demand of dedicated sub-stock of multiple-retrofits model 655 

 656 

As a simple approach, the default setting of the model is for the expected energy intensity of 657 

retrofitted buildings to be equal to the age-specific average energy intensity of existing buildings 658 

(including both retrofitted and unretrofitted buildings) minus the energy intensity reduction gained 659 

through retrofit. The gain is a percentage of the age-specific average energy intensity of existing 660 

buildings (including both retrofitted and unretrofitted buildings). The percentage, termed “retrofit 661 
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depth”, represents the extent to which the energy intensity of existing buildings will be improved 662 

relative to itself as a result of retrofit. There are, of course, many factors contributing to the large 663 

variability and uncertainty with respect to energy intensity of new buildings in the future, technical 664 

potential and economic viability of retrofitting old buildings, depth of retrofit and associated costs, 665 

etc. These are context-specific factors and will need to be investigated in more detail when 666 

adapting and applying the model to a given context. The generic model presented here uses the 667 

variables "retrofit depth" and "code improvement" as simplified approximations of the impact of 668 

these factors. 669 

 670 

The stock-wide average energy intensity of all buildings is obtained by dividing the total demand 671 

of all buildings, which is the sum of energy demand of the main sub-stock and that of the 672 

dedicated sub-stock, by the total floor area of all buildings consisting of buildings in the main 673 

stock (a mix of non-retrofitted and retrofitted buildings) and those in the dedicated sub-stock 674 

(retrofitted buildings only). The retrofit profile and retrofit depth have impacts on the stock-wide 675 

average energy intensity and total energy demand, as presented in Appendix A. Meanwhile, in 676 

the default model setup, the dedicated sub-stock for retrofitted buildings is subject to the same 677 

hazard profile as the main sub-stock, although this may not be the case in practice. Newly 678 

retrofitted buildings are unlikely to be demolished in the short term after the retrofit. There is 679 

expected to be considerable difference in stock-wide average energy intensity and total energy 680 

demand between the “On” and “Off” setting of demolition profile for the dedicated sub-stock (see 681 

Appendix B). 682 

 683 

 Model limitations and potential extension 684 

It is acknowledged that the model presented here, as in any models of buildings, energy and 685 

related sectors, has been developed based on various methodological assumptions to be a 686 

simplification of the dynamic complexity of real-world building stock evolution and energy 687 
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performance characteristics. These assumptions lead inevitably to limitations inherent to the 688 

model that should be taken into account when applying the model. Extensions can be made to 689 

enhance the model's flexibility and applicability. 690 

 691 

Firstly, in modelling the effect of retrofit, we assume that building operational characteristics and 692 

occupant behaviours do not vary significantly; this is a fairly common assumption explicitly or 693 

implicitly made by many building energy models. These variations may be incorporated into 694 

future modelling with empirical data and complementary modelling approach such as agent-695 

based modelling. Secondly, as the model's focus is on energy, our model limits itself to those 696 

energy-related retrofits. However, it is acknowledged that sometimes general renovation 697 

activities that are not directly related to energy performance will have a direct impact on building 698 

lifetime. This resultant extension of building lifetime may have a long-term impact on the interplay 699 

between the demolition of old and inefficient buildings and the construction of new and efficient 700 

buildings which together decide the stock-level energy performance. Thirdly, in the current 701 

version of our generic model, the retrofit depth is set as a single value. In reality there exist a 702 

range of energy-related retrofit activities and therefore many factors contributing to the variability 703 

and uncertainty with respect to retrofit depth. This can be taken into account through a very minor 704 

extension of the model which is to use a distribution profile to represent the share of a certain 705 

level of retrofit depth in all practically feasible retrofit depths. This extension will require empirical 706 

data. Fourthly, the holding period of the dedicated substock of retrofitted buildings is set as a 707 

constant as an intended simplification. In reality, retrofit intervals may vary due to a range of 708 

technological, economic and social factors. To take this into account, additional structures can 709 

be easily added to the model to create multiple dedicated substocks in parallel with the existing 710 

ones as has been described. Each dedicated substock is used to keep retrofitted buildings for a 711 

different holding period. This setup enables a distribution of various holding periods, which needs 712 

to be informed by empirical data. 713 

 714 
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An overview of this stock turnover and multiple-retrofits model, which presents the dynamic 715 

interplay across variables, is given in Appendix C. This is presented as a simple generic version 716 

in order to highlight some key points (stock disaggregation and multiple retrofits) rather than a 717 

fully-fledged version, which could be used for real-world applications and policy analysis. To 718 

develop the latter, additional structures and variables still need to be added to the model. For 719 

example, exogenous drivers of new construction and feedback loops enabling dynamic interplays 720 

between new construction, aging of existing buildings, and demolition of old buildings reaching 721 

their end of lifetime could be incorporated in order to model future possible trends of stock 722 

evolution. In addition, the model boundary may be expanded to cover embodied energy 723 

consumption and carbon emissions incurred in producing building materials, construction, retrofit 724 

and demolition activities. Such an extension would enable a lifecycle perspective to be taken 725 

when evaluating building stock energy performance and carbon emissions.  726 

 727 

 Conclusions 728 

We present a System Dynamics model for characterising building stock turnover dynamics and 729 

tracking the trajectory of stock-level building energy performance. The model is aimed at 730 

addressing some of the fundamental structural and behavioural limitations found in previous 731 

applications of System Dynamics-based models. Specifically, the model uses an aging chain 732 

structure to represent the dynamics of the aging and demolition of buildings. The age-specific 733 

demolition rate is modelled based on the concept of the hazard function in survival analysis. The 734 

model loosens the strong assumptions made by previous models, including perfect mixing in a 735 

first-order delay in a single stock model, and perfect mixing in each delay of a third-order delay 736 

in a three-vintage model. By disaggregating a building stock into age-specific sub-stocks, the 737 

model enables explicit representations of the uncertainties associated age-specific risks of 738 

demolition and the resultant building lifetime distribution. Compared with previous models, the 739 

model offers great structural flexibility to accommodate various levels of data availability. 740 
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Moreover, it offers the capacity of calibrating building lifetime distribution using empirical data on 741 

stock size. Another salient feature is that the model avoids unreasonable situations where a 742 

building is allowed to undergo multiple rounds of retrofits within a very short period of time, a 743 

building is demolished soon after being retrofitted, or a building is retrofitted soon after it is 744 

constructed and put into use.  745 

 746 

The model is generic, transparent and therefore potentially applicable to a wide variety of 747 

contexts. Its flexibility enables adjustments to meet various requirements and settings. On the 748 

one hand, the model can be extended to accommodate increased granularity and enhanced level 749 

of sophistication, or expanded boundary of modelling. Structurally, with available empirical data, 750 

the sub-stocks of retrofitted buildings can be further divided to model various lengths of the 751 

holding period. Functionally, depending upon model purpose, additional structures and variables 752 

can be added to the model to enhance its utility, such as feedback loops linking demolition and 753 

new construction to model future stock growth, embodied energy and carbon due to production 754 

of building materials, building construction, retrofit and demolition activities, stock of existing 755 

heating technologies and possible future trends of technology mix to model carbon emissions of 756 

heating. On the other hand, sometimes building demolition is of less concern, e.g. buildings are 757 

generally long-lived and/or the period of modelling and analysis is short relative to building 758 

lifetimes. In these circumstances, the model can be straightforwardly reduced to a three-vintage 759 

or single stock structure as found in existing literature. Similarly, the multiple retrofit dynamics 760 

can be easily reduced to single retrofit or no retrofit structure, but retain the ability of avoiding 761 

unrealistic modelling results of previous models. The reduced form version of the model will be 762 

useful when the interest of modelling is in general behavioural dynamic patterns of building stock 763 

and energy, rather than in detailed representation of model structures and variables for accurate 764 

numerical values of stock or sub-stock level performance indicators.  765 

 766 

In conclusion, we believe that our model is well placed to be used as a stand-alone model or as 767 



34 

 

part of a larger model looking at building stock-level energy and carbon emissions in a variety of 768 

national or sectoral contexts. Its transparency and flexibility will enable further extensions and 769 

improvements for greater capacity in wider applications for evaluating policy interventions 770 

targeting transforming buildings towards greater energy efficiency and low carbon development. 771 

 772 

 773 
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Appendix A: Impact of retrofit profile and retrofit depth 1 

 2 

The impact of the retrofit profile and depth on average energy intensity and total energy 3 

demand is examined under the following hypothetical scenario where:  4 

 5 

▪ Annual new buildings are built at the rate of 100 million m2 per year 6 

▪ Energy intensity of incoming new buildings decreases linearly from 20 kgce/m2 in 2019 7 

to 10 kgce/m2 in 2119. 8 

▪ Existing building stock size is 10,100 million m2 in total, with each age-specific sub-9 

stock being 100 million2. 10 

▪ Energy intensity of existing buildings is 25 kgce/m2. 11 

▪ Age-specific demolition rate of buildings is derived from the hazard function of a 12 

lognormal distribution of building lifetime, whose mean is 75 years and standard 13 

deviation is 15 years. 14 

 15 

Firstly, at a given retrofit depth of 15%, the model is run with three levels of retrofit rate, i.e. 16 

0.01, 0.05 and 0.10. As expected, accelerating retrofit rate has positive impact on improving 17 

stock energy performance in terms of stock-wide average energy intensity (Figure 12).  18 

 19 

Secondly, at a given retrofit rate of 0.05, the model is run with three levels of retrofit depth, i.e. 20 

5%, 10% and 15%. As expected, deepening retrofit intensity has positive impact on improving 21 

stock energy performance in terms of stock-wide average energy intensity (Figure 13) 22 

 23 

Thirdly, the model is run with various combinations of retrofit rate and depth to illustrate the 24 

positive impacts of increasing retrofit rate and deepening retrofit intensity on the total energy 25 

demand of the entire building stock (Figure 14). 26 
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 27 

 28 

Figure 12: Impact of retrofit rate on stock-wide average energy intensity (retrofit depth = 29 

15%) 30 

 31 

 32 

 33 

 34 

Figure 13: Impact of retrofit depth on stock-wide average energy intensity (retrofit rate = 35 
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0.05) 36 

 37 

 38 

 39 

 40 

Figure 14: Impact of retrofit rate and depth on total energy demand of entire stock 41 
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Appendix B: Impact of demolition profile of retrofitted buildings in 46 

the dedicated sub-stock 47 

 48 

In the default model setup, the dedicated sub-stock for retrofitted buildings is subject to the 49 

same demolition profile as the main sub-stock. This may not be the case in practice. Newly 50 

retrofitted buildings are unlikely to be demolished over short term after the retrofit. There is 51 

expected to be considerable difference in stock-wide average energy intensity and total energy 52 

demand between the “On” and “Off” setting of demolition profile for the dedicated sub-stock. 53 

This is examined under the following hypothetical scenario where: 54 

 55 

▪ No new buildings are constructed 56 

▪ Existing building stock size is 10,100 million m2 in total, with each age-specific sub-57 

stock being 100 million2. 58 

▪ Energy intensity of existing buildings is 25 kgce/m2. 59 

▪ Age-specific demolition rate of buildings is derived from the hazard function of a 60 

lognormal distribution of building lifetime, whose mean is 50 years and standard 61 

deviation is 15 years. 62 

▪ Retrofit depth is 15% 63 

▪ Retrofit rate is 0.10. 64 

 65 

Firstly, the model is run with its default setup, where the demolition profile of retrofitted 66 

buildings in the dedicated sub-stock is set to be “On”. At “On”, retrofitted buildings are subject 67 

to the same demolition profile as those buildings in the main sub-stock. During the 10-year 68 

holding period, some retrofitted buildings are removed from the dedicated sub-stock due to 69 

demolition. Only those retrofitted buildings surviving the 10-year holding period will be 70 
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reinjected to the main sub-stock. 71 

 72 

Secondly, the model is run with the alternative setup, where the demolition profile of retrofitted 73 

buildings in the dedicated sub-stock is set to “Off”. At “Off”, retrofitted buildings are not 74 

removed from the dedicated sub-stock as they are not subject to any demolition. Therefore, 75 

they will be fully reinjected to the main sub-stock upon the expiring of the 10-year holding 76 

period.  77 

 78 

The impact of “On” and “Off” is visible. In the “Off” setup, due to less demolition of retrofitted 79 

buildings, the size of overall building sub-stock is increased as compared to the “On” setup 80 

(Figure 15). The retrofitted buildings are more energy efficient, thereby contributing to lowering 81 

the stock-wide average energy intensity (Figure 16). The total energy demand may increase 82 

or decrease depending upon the varied stock size and average energy intensity. In this case 83 

for illustration purpose only, the effect of increased stock size exceeds that of the lowered 84 

average energy intensity, therefore leading to increase of total energy demand of the entire 85 

stock (Figure 17). 86 

 87 

 88 

 89 
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 90 

Figure 15: Impact of demolition profile of retrofitted buildings on overall stock size 91 

 92 

 93 

 94 

 95 

Figure 16: Impact of demolition profile of retrofitted buildings on stock-wide average energy 96 

intensity 97 
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 101 

Figure 17: Impact of demolition profile of retrofitted buildings on total energy demand 102 
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Appendix C: Full model of building stock turnover and energy retrofits 

 


