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“It is in the shelter of each other that we live in”
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Abstract

Sustainable sociometabolic patterns are required to overcome unsatisfied needs, inequalities, and
environmental problems, especially because of the expected population growth and rising living
standards. To inform socioeconomic patterns that promote a resource and impact decoupled human
development and well-being, it is imperative to have a comprehensive understanding of the human
population, the built environment, the natural environment, and their linkages. While there is
extensive research in each of these areas, the relationship between them is rarely explored.
Demographic changes that affect the built environment and the use of natural resources are not
currently taken into account. Therefore our ability to inform sustainability and resource decoupling
policies is limited. Looking at the population in a more granular manner would allow to better account
for lifestyles, cultures, and biophysical characteristics of individuals and their implications for

resource use and emissions.

This thesis addresses the linkages between the population and the built environment and presents a
mathematical framework for the integrated modelling of demographic metabolism and the
socioeconomic metabolism with the aim of improving the understanding of human needs and their
consequences for resource use. The framework builds on the premise that an integrated analysis can

be based upon the differentiated needs and wants for goods and services among individuals.

The thesis illustrates the framework in the context of an European energy and greenhouse gas
reduction policy in the residential sector, a housing deficit policy in Colombia, and a global policy
for food-energy demand. Results show that demographic trends and changes in the biophysical
characteristics of individuals can play a determining role in the effectiveness of policies — even
beyond technological factors. For Europe this means that the same technology-based energy policy
can lead to different reductions in energy use and greenhouse gas emissions among member states.
For Colombia, this means that delaying actions to close the housing deficit increases the economic
and material footprint of the residential sector. However, closing the housing deficit by 2030 as
aimed, can lead to a construction industry that grows too rapidly and might be unsustainable in the
long term. For global food demand, results depict an additional burden to future food security beyond
the mere growth in population size, particularly because of body mass increments in most parts of the

world which are partially counteracted by an aging phenomenon.
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In conclusion, addressing human needs and wants in resource sustainability modelling implies to
explicitly model the differentiated requirements for goods and services of different population
segments. In this regard, it is essential to consider that the population stock drives the built
environment stocks, and not the other way around. This framework has the potential to provide more
accurate and more relevant descriptions and forecasts of infrastructure and resource use resulting

from more granular descriptions of the population.
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1. Introduction

1.1. Development and sustainability: on the relationship between humans, the

socioeconomic metabolism, and the environment

Humans perpetually harvest, extract, transform, and use the natural resources to satisfy their needs
and wants, while returning to the environment the discards of these processes. We refer to this human-
nature relationship as the “socioeconomic metabolism - SEM”! or “metabolism of the
anthroposphere” (Baccini and Brunner 1991, 2012; Ayres and Simonis 1994; Fischer-Kowalski and
Haberl 1998; Fischer-Kowalski et al. 2014).

The type, magnitude and patterns of the appropriated, stocked and emitted resources — matter and
energy — are regulated by demographic, social, cultural, economic and technological drivers.
Historically, the evolution of these drivers have fostered a continuous increase in the number and
quantity of resources appropriated and discarded from and to the environment (Arrow et al. 1995;

Krausmann et al. 2008; Fischer-Kowalski et al. 2014; Seppelt et al. 2014).

Today, the human governance of the environment is of such magnitude that many natural cycles (e.g.
nutrients and water) and natural regimes (e.g. atmospheric chemical composition, species
distribution, forest land coverage) have been altered (Vitousek et al. 1997; Gordon et al. 2006; Gruber
and Galloway 2008). The sustainability of humans and other species is now threatened by interrelated
issues such as resources availability, food security, climate change, deforestation, and species and
ecosystems disappearance (Foley et al. 2005; IPCC 2014). In many environmental aspects we started
to exceed the safe operating limits of the planet and its natural capacity for recovery (Wackernagel et

al. 2002; Rockstrom et al. 2009).

Yet, worldwide access to resources is uneven, and countries contribute differently to environmental
concerns. On the one hand, a large fraction of the world population, especially in developing

countries, has insufficient access to the goods and services required to satisfy their needs; including

! The present thesis conforms to the following definition of Socioeconomic Metabolism (SEM) drawn from the scientific
field of Industrial Ecology (Erkman 1997; Ehrenfeld 2000):
...the society- nature interactions characterised by material and energy flows and stocks — input of raw
materials, processing to manufactured products, services, and release of waste and emissions, including the
energy conversion and use. It is determined by the modes of production (economy), the technology, and the
lifestyle (culture)” (Fischer-Kowalski 1998; Fischer-Kowalski and Hiittler 1998; Krausmann et al. 2008).
1



food, clean water and sanitation, energy, housing, healthcare, education, and transportation (Jahan
2016). On the other hand, with a greater and more egalitarian access to resources, reflected in high
living standards, developed countries are major contributors to environmental change, for instance to

climate change (Hertwich and Peters 2009; IPCC 2014).

Evidently, current sociometabolic patterns of development are unsustainable (Jackson 2009; Hoekstra
and Wiedmann 2014). New patterns are required to overcome unsatisfied needs, inequalities, and
environmental problems, especially because of the expected population growth (Lutz et al. 2014a;
United Nations, Department of Economic and Social Affairs 2017). In other words, there is a need to
decouple well-being and development from resource use and environmental impact (Fischer-

Kowalski et al. 2011; von Weizsécker et al. 2014).

To inform socioeconomic patterns that promote a resource and impact decoupled human development
and well-being, it is imperative to have a comprehensive understanding of the relationships between
(i) the human population, (ii) the appropriated and transformed resources in the anthroposphere or
built environment, and (iii) the natural environment (Figure 1). Ultimately, as previously outlined by
Meadows (1998) and by Constanza and colleagues (2007), well-being as an ultimate end relies upon
the opportunities (services and goods) that human capital, built capital, and natural capital provide
for the satisfaction of people’s needs and wants. This means that maintaining certain qualities in each

of these capitals in necessary to guarantee the sustainability of the whole system.

, - e_ - =~
/ AY
* Demographic Metabolism /\

Population

|
Socioeconomic Metabolism (SEM) : |

LEGEND

N Service Physical N N P
Physical Al A i Fieldof | | Scope of
system ow ow ! Study ! i this Thesis

Y ——— —— MY TR

Figure 1. Linkages between the population, built environment and natural environment systems. (a), (b) and (g)
represent the services provided to the population by other humans, the built environment and the natural environment
respectively. (c) and (f) represent the physical human direct emissions to the built and natural environments (e.g. urine,
excreta and breath). (d) and (e) represent the intakes of physical goods by the population (e.g. food, water, and air). (h)
represents the resources extracted from nature in order to erect and operate the built environment. (i) represents the
emissions to the natural environment.
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Despite the evident relationships, these three capitals have usually been studied in isolation by
independent disciplines (dashed boxes in Figure 1). Therefore, our ability to inform sustainability and
resource decoupling policies is hampered by a limited knowledge of the linkages (arrows in Figure
1) that exist between them. For instance, demographic studies tend to ignore the use of resources by
the population or its impact on the environment; studies of the socioeconomic metabolism have so
far largely neglected the composition and dynamics of the population and how these shape the built
environment; and environmental studies are rarely coupled with the study of the population and the

built environment.

The remaining parts of the introduction are structured as follow. Section 1.2 elaborates on the linkages
between the population, the built-environment, and the natural environment systems. Sections 1.3
and 1.4 discuss the status-quo of the fields of demographic metabolism and socioeconomic
metabolism respectively. Section 1.5 summarises the motivation and scope of the thesis, and section

1.6 presents the research questions and the thesis structure.

1.2. Linkages between the population, the built environment and the natural

environment

The linkages between population, built environment, and natural environment systems can be
explored at (i) the physical level and (ii) the service level, as described in Figure 1. The physical level
refers to the exchange of matter or energy between these systems. The service level refers to all other

interactions that do not include a physical exchange.

1.2.1. Physical linkages

Nourishment, hydration and respiration are vital human needs. All of them occur through a physical
interaction of the population with the resources from the built or the natural environment. People
intake food, water and air? for their sustenance (“d” and “e” in Figure 1). These goods are metabolized

(i.e. stored, transformed, and discarded) by the body, and the waste from the metabolic processes are

2 Historically, humans have breathed-in (air) directly from nature (the atmosphere). However, as human habitats have
grown polluted, purified or processed air starts to supply the respiration needs. A similar process occurred to the drinking
water and food. Drinking water used to be taken directly from natural streams and nowadays is provided by a complex
infrastructure of aqueducts and treatment plants. Hunters and gatherers took their food directly from nature, yet with the
transition towards and agrarian society natural landscapes were transformed into cultivated and grazing landscapes.

3



released in gaseous, liquid, and solid forms via excreta, urine, breath, and perspiration (“c” and “f”

in Figure 1).

A similar interaction occurs between the built and the natural environment. Natural resources are
extracted in order to build and operate the man-made infrastructures and goods in the anthroposphere
(“h” in Figure 1). Subsequently, discarded resources are returned to the natural environment (“i” in
Figure 1). For instance, fossil fuels from the lithosphere and oxygen from the atmosphere are used in

combustion processes that result in emission of carbon dioxide and water vapour to the atmosphere.

1.2.2. Service linkages

Humans satisfy some of their needs by making use of the services (or functions) that are provided by

the three capital stocks (Meadows 1998; Costanza et al. 2007). For example:

e Education services require teachers (population), school buildings (built environment), and
the land (natural environment) where the school rests (“a”, “b” and “g” in Figure 1,
respectively).

o Health services need healthcare professionals, a hospital and also land.

e Communication services for people can be provided by mobile phones and the atmosphere
for data transmission.

e Recreation services can be provided by the land, water streams and the biota that form the
landscape, and hiking trails.

e Shelter is obtained from dwellings and the land where these are built.

e Mobility services require of drivers, vehicles, roads, and land for the roads. The air transport

services are provided by pilots, airplanes and the atmosphere.
Physical and service linkages exist between all three capital stocks. This thesis focuses on the analysis
of the linkages between the population and the built environment (grey area in Figure 1).
1.3. Demographic metabolism: on the study of the population dynamics
Demography concerns the study of the size, composition, geographical distribution, and

characteristics of the population over time (UN 1956; Hartmann 2009; Smith and Keyfitz 2013). The
4



composition is typically expressed in terms of the number of males and females by age or age-groups.

Other classifications such as marital status, race, and economic conditions are also used.

Traditionally, population dynamics have been explained by three processes: birth, migration and
aging (Schoenbach 2007; Hartmann 2009; Max Planck Institute for Demographic Research 2018).
The evolution of the population by sex and cohort is explained by drivers such as birth and fertility

rates, death and mortality rates, or migration rates, which are often derived from statistical analyses.

More recently, the theory of demographic metabolism was introduced by Lutz (2012) to explain how
societal changes result from the changing composition of the population and its characteristics (e.g.
sex, age, life expectancy, educational level, labour force participation). Some of these characteristics
might change over the lifetime of a person (e.g. educational level, age) or over generations (e.g. life

expectancy, educational level, labour force participation).

Demographic metabolism models have been used to exemplify how changes in education can
influence societies” demographic structure (Lutz et al. 2014a) or to investigate the adaptive capacity
to climate change (Lutz and Muttarak 2017; Lutz et al. 2014b). Lutz’s approach is more
comprehensive than traditional approaches. For instance, it considers how education attainment
affects the fertility rates and thus the size and composition of the population stock, which in turn has

implications for future educational needs.

While the demographic metabolism approach has a high degree of granularity when studying
populations, it has not evolved to incorporate the population’s physical and service linkages with the

built and natural environments.

1.4. Socioeconomic metabolism: on the study of the built environment

The socioeconomic metabolism (SEM) field concerns the study of the built environment, its
underlying drivers, and the patterns and magnitude of resources in the anthroposphere (Baccini and
Brunner 1991, 2012; Ayres and Simonis 1994; Fischer-Kowalski and Haberl 1998; Fischer-Kowalski
et al. 2014). The scope of SEM studies ranges from individual chemical elements (e.g. aluminium,
phosphorous) to goods (e.g. dwellings, cars), with varying geographical coverage (e.g. global,

regional, national, and urban level) (Cordell et al. 2009; Liu and Miiller 2013; Bergsdal et al. 2007,
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Pauliuk et al. 2011; Haas et al. 2015; Kennedy et al. 2015). Time-wise, analyses range from one-year

to longitudinal exercises that cover several centuries.

The stocks and flows of resources into, out and within the built environment have been studied using
material flow analysis approaches based on mass and energy conservation principles (Baccini and
Brunner 1991, 2012; Brunner and Rechberger 2005; Hendriks et al. 2000; Miiller 2006). The most
comprehensive and advanced approaches study the composition of built environment systems by
disaggregating the stocks (and flows) across element types (or segments) and according to their
cohorts, and following their evolution in time. For instance, studies of the dwelling stock of a nation
can differentiate across type of buildings (e.g. single family house, multi-family house) from different
construction periods and their corresponding changing material and energy needs (e.g. via renovation)
along their service lifetime (Pauliuk et al. 2013; Sandberg et al. 2014, 2016). Thus, these studies
depict the diversity of the stock and keep track of the evolution of the resources in the anthroposphere

in a consistent and comprehensive manner.

Nevertheless limitations remain when it comes to describing the relationship between the population
and their need for resources. Little differentiation of the population across segments and cohorts has
been used in studies of the socioeconomic metabolism. Typically, the population is only considered
in terms of its size, while other demographic characteristics are neglected (e.g. sex, age, economic
condition or educational attainment). This limits the analysis of changing infrastructure and resource
demand as a consequence of population aging, generational renewal, or changes in other demographic
characteristics. Hence, existing SEM models are not suitable to address issues such as the need for
elderly care facilities or kindergartens and schools, which are determined by the aging and

reproduction processes of the population.

Although several authors have pointed out the need for integrating sociodemographic analysis in
SEM studies (Krausmann et al. 2008; Fischer-Kowalski et al. 2011), very little quantitative research
has been conducted so far in this direction. For instance, Hu and colleagues (2010a, 2010b) have
segmented a country’s population in the context of resource use. Their approach explored the Chinese
housing dynamics and their implications for iron and steel given the dynamics of the urban and rural
population. However, only the total population for the urban and rural areas is considered in disregard
of their cohort and sex structure. Thus, they only conclude on the average dwelling floor area per

capita and the average amount of materials for each population segment.



Overall, the repercussions on the composition and dynamics of the built environment stocks arising
from sociodemographic changes and differences within and across societies have not been explored.
Looking at the population in a more granular manner would allow to better account for lifestyles,
cultures, and biophysical characteristics (e.g. age, sex, weight) of individuals and their implications

for resource use and emissions.

1.5. Motivation and scope

This thesis explores both the physical and service linkages between the population and the built
environment. It builds on the postulate that the needs and wants for goods and services change across
societies and cultures, across people of different age and sex, and along the lifespan of a person (Max-

Neef et al. 1991).

The linkage at the physical level is investigated using a case study on food. The linkage at the service
level is studied with two cases on housing; one in the context of energy and climate change, and a
second one in the context of housing deficits. In the following subsections, we elaborate on the
importance and challenges of food and housing that motivate the demographically-extended SEM

framework developed in this thesis.

1.5.1. Physical linkage: the case of food

Food security is a major global concern (FAO et al. 2015). Ending hunger and granting adequate
nutrition for everyone is one of the 2030 sustainable development goals (UN General Assembly
2015). In relation to this goal, most of the research on food security focuses either in the food
production processes or losses across the value chain (Tilman et al. 2011; FAO 2011; Rayfuse and
Weisfelt 2012; Shafiee-Jood and Cai 2016; Xue et al. 2017). Food demand tends to be represented
by average consumption per capita expressions that do not address the distinct food requirements of
people of different ages and biophysical characteristics. Ultimately, this limits opportunities to
formulate regional strategies tailored to specific demographic conditions. Only few studies have been

conducted on consumer needs as a function of demographic changes through time (Hig et al. 2016).

The food requirements of a person, specifically the food-energy needs, depend upon biophysical

characteristics, including age, sex, and weight (United Nations University et al. 2001). For example,
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the food-energy needs of a male are larger than those of a female of the same weight and age.
Alternatively, in people of the same sex but of different age and/or weight the food-energy needs are
also different. While weight increments lead to higher energy requirements, ageing reduces these
requirements. Thus, the food-energy requirements can be described as a function of demographic,

cultural, and biological processes.

Cohort-wise, there have been increases in height (NCD Risk Factor Collaboration (NCD-RisC) 2016)
and body mass (NCD Risk Factor Collaboration 2016) in the last century, both leading to increases
in weight. At the same age, younger generations tend to be taller and heavier than older ones.
Moreover, a worldwide aging phenomenon has been observed (Lunenfeld 2008; Lee and Mason
2011; Lutz et al. 2008). Both conditions, along with population growth (Lutz et al. 2014a; United
Nations, Department of Economic and Social Affairs 2015; Gerland et al. 2014), have repercussion
for food demand. The impact of these drivers on food demand has yet to be explored in a systematic

way.

1.5.2. Service linkage: the case of housing

The residential sector faces different challenges worldwide. First, dwellings are a major consumer of
materials and energy and consequently a major contributor to climate change (Lucon et al. 2014).
Second, there is still a large fraction of the world population living in slums and inadequate dwellings
(UN-Habitat 2003, 2012, 2016). Accordingly, the 2030 sustainable development goals concern the
resource efficiency and mitigation of climate change in the sector, as well as ensuring adequate, safe,
and affordable housing for all (UN General Assembly 2015). In addition, regional and national

specific goals have been set, along with policies for their achievement.

For instance, in terms of greenhouse gas emissions, the residential sector in Europe is set to achieve
reductions close to 90% with respect to 1990’s levels by 2050 (European Commission 2011). This
target has been aligned with policies that establish strict energy performance of new and refurbished

buildings (European Parliament and The Council of The European Union 2010, 2012).

In terms of adequate housing, Colombia has the challenge of providing appropriate shelter to the
population living in slums, estimated to be 13% in 2014 (UNSD 2015), and to the households in
housing deficit, estimated to be 36% in 2005 (DANE 2005). Several policies have been developed to

address the housing deficits, including enabling access to loans, subsidising housing loans’ interest

8



rates, and providing free dwellings (Bouillon et al. 2012; Murray and Clapham 2015; Gilbert 2014).
The latest of these policies provided 100 000 free dwellings between 2014 and 2018.

Nevertheless, in Europe and in Colombia, the policies have been designed without the support of
models that consider the demographic and housing dynamics, and that enable policy makers to
evaluate the effectiveness of alternative strategies to achieve the goals. For example, in the case of
European Union, where countries have different population trends, it is unclear if the same policies

will deliver the same results in each member state.

It is known that the population and housing trends are different across countries (United Nations
Department of Economic and Social Affairs 1974, 1976, United Nations Department of International
Economic and Social Affairs 1980, 1985; UN and UN 1995; United Nations Department of Economic
and Social Affairs and United Nations Centre for Human Settlements 2001). Some EU member states
have a growing population while others are experiencing a population decline. Likewise, housing
trends have changed over time and are different across countries in the world. The average living area
has risen while the number of people per dwelling is declining. These changes have a direct effect on
the need to expand, reduce, or adapt the dwelling stock. However, these linkages have not been

evaluated in studies.

1.6. Research questions and thesis structure

The integration between the demographic metabolism and the socioeconomic metabolism can help
formulate more effective policies that aim to manage the relationship between population,
infrastructures, and resource use. The demographic metabolism approach can be used to represent the
population and their needs and wants in a consistent and coherent manner, while the socioeconomic

metabolism approach can represent the resources employed in satisfying those needs.

This thesis presents a new framework to address the physical and service linkages between the
population and the built environment with the aim of improving the understanding of human needs
and their consequences for resource use. In this context, the following four research questions were

formulated:



i.  How do changes in population, housing service demand, and building technologies
affect the options to reduce energy use and greenhouse gases emissions in the
residential sector?

ii.  How do socioeconomic differences and demographic trends affect the options for
eliminating housing deficits and reducing housing service inequalities?

iii. ~ How do changes in demography and human’s biophysical characteristics affect food
energy demand and food security strategies?
iv.  How can socioeconomic metabolism and demographic metabolism be integrated using

a common mathematical framework?

The first three questions are addressed in three independent papers, which progressively present and
develop a framework towards the integrated modelling of the socioeconomic metabolism and the
demographic metabolism concerned in question (iv). Questions (i) and (ii) relate to the service linkage
between the population and the built environment, while question (iii) relates to the physical linkage.

The order of the papers follows the chronological progress of the work and are appended at the end.

Paper 1 studies the energy demand and dynamics of the residential sector in developed — European —
countries. Paper 2 concerns housing deficits - inadequate housing and slums — and construction in
developing countries. Paper 3 studies the changes in food-energy requirements of the world adult

population in relation to its demographic and biophysical changes.

Methodology-wise, all papers build on the same modelling approach to dynamic stock-flow
modelling introduced in Paper 1 (see Chapter 2 on Methodology), hereinafter the Type-Cohort-Time
(TCT)? approach. Paper 1 uses this approach to track the evolution of the stock of different types of
dwellings according to their cohorts (construction years). While in Paper 1 the population remains
described only in terms of size, Paper 2 extends the TCT differentiation to households and dwellings
— by type of housing quality condition. Paper 3 uses the TCT approach to account for the age-sex-

nationality structural differences of the population regarding food needs.

3 The term “Type-Cohort-Time” was used by Vasquez and colleagues (Vasquez et al. 2016) to describe the different
dimensions employed in models and studies of the energy use in the building stock. Similar terms have been used before
to describe similar aspects (dimensions) of stocks, for instance “type-age” (Brattebe et al. 2009) or “segments” (for
dwelling types and construction periods) (Sandberg et al. 2014).
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The rest of the thesis is structured as follows: Chapter 2 presents the methodological basis. Chapter
3 summarises the scope and main findings of each paper. Chapter 4 discusses the findings in light of

the research questions.
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2. Methodology: Demographically-Extended Socioeconomic Metabolism

Both population and built environment can be regarded as dynamic and heterogeneous systems
consisting of elements (individuals or processes) and their interactions (flows in terms of people or
goods). The processes can be grouped into different types and cohorts with changing characteristics.
Both systems are open, with inputs (e.g. immigration, or import of goods) and outputs (e.g.
emigration, or export of goods). Accordingly, demographic approaches and socioeconomic
metabolism approaches use similar principles and techniques to explain the composition and
evolution of the systems. This thesis builds upon these similarities and presents a multidimensional
mathematical framework, namely the Type-Cohort-Time (TCT) approach, for the integrated

modelling of the stock and flow dynamics of the population and the built environment.

We introduce the TCT by using a system definition (Figure 2, Figure 3 and Figure 4), and a system
of discrete difference-equations, consisting of balance, intrinsic and model approach equations.
Firstly, in the context of socioeconomic metabolism modelling in section 2.1. Secondly, in the context
of demographic modelling in section 2.2. And thirdly, as a mean to integrate demographics in SEM
models in section 2.3. This system of balance, intrinsic and model approach equations is common in
SEM approaches. Demographic approaches do not use the same categorisation, yet their equations

can also be expressed in the same way, allowing for a common framework to integrate the two.

For built environment resources we use the symbols “j” for types and “k” for cohorts. For population,
we use the symbols “i” and “c” to refer to types and cohorts respectively. The symbol “t” refers to
time. The notation for the variables and parameters used in demographic and SEM modelling are

presented in the corresponding sections.

2.1. Socioeconomic Metabolism Modelling

Figure 2 presents a system definition for the study of the stock and flows of a physical resource in
given region. Three variables are considered: Stock (S), Inflow of New Elements (N) and Outflow of

Old Elements (O).

The equations that explain each of the variables or the relationship among them are drawn from

quantitative approaches to study the socioeconomic metabolism which follow the modelling
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principles to Material Flow Analysis (MFA) (Baccini and Brunner 1991, 2012; Hendriks et al. 2000;
Miiller 2006; Pauliuk et al. 2013). Hence, this section does not intend to provide a complete
description of all phenomena in the socioeconomic metabolism, but instead it illustrates the basic

principles for modelling built environment systems.

Inflow Outflow

Figure 2. Typical built environment system definition. S and AS represent the stock and its stock change respectively.

Arrows represent flows.

2.1.1. Balance Equation

The balance equation links the flows with the change in the stock. Thus, the stock change (AS) at the
end of a given year “t” results from balancing the new incoming elements (N) and the outflow of old

elements (O) in the year (Eq. 1).

AS; = Ne=y — O¢ (Eq. 1)

For the new elements (N), the year “t” when they enter the system corresponds to their cohort year

“k”, thus “t=k”.

2.1.2. Intrinsic Equations

This type of equations describe the links between the stock, stock change and flows using their
intrinsic properties. For instance, the stock of two different years can be linked through the stock

change (Eq. 2).

St = St—l + ASt (Eq. 2)

It must be noted that stocks of the built environment are composed of elements from different cohorts
“k” that can also belong to different types “j” (Eq. 3). Thus, both types and cohorts can be
differentiated in all modelling equations. For instance, the balance equation can describe the stock

change as the sum of the inflows and outflows of different type-cohort segments (Eq. 4).
14



St =X Xk Sjkt (Eq. 3)

AS; = Zj Nj,k:t + Zj Yk Oj,k,t (Eq. 4)

2.1.3 Model Approach Equations

Model approach equations link the system variables (stock or flows) with the system drivers
(parameters). Because a given system can be modelled assuming different drivers, there are multiple

ways to define model approach equations.

Here, we present an example to explain the outflow (O) of elements of a specific type “j” and cohort
“k” in a year “t”, given the inflow (N) of these elements in their cohort year “k”, and a lifetime
probability (LT) that explains the elements’ likelihood to leave the stock according to their age* (Eq.
5). Accordingly, the total outflow of a year is the sum of the outflows from different cohorts (Eq. 6)

Ojie =N LT (Eq. 5)

0y =X Xk Njj - LT, (Eq. 6)

2.2. Demographic Modelling

Figure 3 presents a system definition for the study of the population stock and flows in a given region.
Five variables are considered: Population Stock (P), Births (B), Deaths (D), Immigration (I) and
Emigration (E). Immigrants (I) and Emigrants (E) are flows of people coming from and going to
another regions respectively. Births (B) are not a physical flow of people since new-born babies do
not come from somewhere else but stem from the population. Similarly, Deaths (D) are not a physical
flow but a change of state. Thus, births and deaths can be seen as sources and sinks. For reasons of

simplicity, they are represented as flows.

4 The age of an element is the year of analysis “t” minus its cohort year “k”.
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Emigrants

Births _ " Deaths
Population @ -

Immigrants

Figure 3. Typical demographic system definition. P and AP represent the population stock and its stock change
respectively. Arrows represent flows. Solid arrows depict physical flows of people from and to another region. Dashed

arrows are sources and sinks of people illustrated as flows for simplification.

The equations that explain each of the variables or the relationship among them are not specific to
one demographic method, instead they are our own generalisation from different approaches found
in literature (UN 1956; Schoenbach 2007; Becker 2008; Hartmann 2009; Smith and Keyfitz 2013).
The method that we present does not intend to provide a complete description of all demographic
phenomena, but instead to communicate the essentials of demographic modelling and to illustrate the

use of a common mathematical language with socioeconomic metabolism modelling.

For the most part we use widely accepted terms in demography and we adapt and present other terms

in a more generic way due to the variation of notation in the field (Hartmann 2009).

2.2.1. Balance Equation

In a region, the population change (AP) at the end of a given year “t” is the result of balancing the

births (B), deaths (D), immigrants (I) and emigrants (E), using the so-called demographic or

population balancing equation (Schoenbach 2007; Becker 2008; Land et al. 2005) (Eq. 7).
APt:Bt_Dt+It_Et (Eq.7)

2.2.2. Intrinsic Equations

The population stock of two adjacent years is linked through the stock change (Eq. 8).
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Because the population stock is composed of individuals of different sex “i”” from different cohorts

“c” (Eq. 9), all system variables can also be expressed in terms of the different sexes and cohorts as

shown for the balance of stock of the year in Eq. 10.

Po=%%c Pice (Eq. 9)

AP, = Zj Bj,c:t - Zj e Dj,c,t + Zj e [j,c,t - Zj e Ej,c,t (Eq. 10)
2.2.3. Model Approach Equations
The system variables can be calculated in multiple ways since there exists diverse driving parameters
and methods to explain the same demographic phenomena. The model approach equations presented
here are examples that reflect the general logic followed in different approaches.
The total number of births in a year “t”, which correspond to the cohort year “c”, depends on the
stock of women “i=women” of each cohort and their cohort-specific fertility rate (FR) (Hartmann

2009) (Eq. 11). This rate represents a woman’s probability to have children, which vary along her

lifespan, and that can be different across women of different cohorts.
B = Zc Pi:women,c,t ' FRC,t (Eq~ 11)
The probability of dying is also a function of the age of a person and can vary across cohorts along

with changes in the life expectancy (Schoenbach 2007; Hartmann 2009). Therefore, deaths are
estimated using a death or mortality rate (DR) (Eq. 12).

D; = Zi Zc Pi,c,t ' DRi,c,t (Eq' 12)

Finally, immigration and emigration can also be estimated from migration rates (UN 1956), in a

similar fashion as for births and deaths.
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2.3. Demographically-Extended Socioeconomic Metabolism Modelling

Figure 4 presents a system definition for the integrated study of the stocks and flows of population
and resources in the built environment. Population (P) and built environment (S) stocks are linked
through needs and wants of the people for goods and infrastructures (A), either for their intake

(physical linkage) or service use (service linkage).

The need or want for a certain type “j” of stock (of certain cohort “k”) can differ among people of

7331}
1

different cohorts “c” and population types “i” — sex, culture, lifestyle, or socioeconomic conditions.
Hence, the total demand for that specific stock is the sum of the individual demands across population
type-cohort segments. This can be expressed by model approach equation (Eq. 13) that explains how

the population drives the built environment stocks.

Sikt =ZixcPice Ajre (Eq. 13)

Fertility Rate Death Rate
FRi,c,t DRi,c,t

X Population (P) X
4 ' \4
- @-> T | r-®--
Births | 2 Deaths
c £
o
=
—®— —a—
Immigrants t Emigrants

v
Needs & Wants N .
Akt - \

—@®—

Inflow Outflow
D e s
Stock Parameter Flow Calusal
Link

Figure 4. System definition for a demographically-extended socioeconomic metabolism analysis. (i) and (j) represent

types in the population and built environment respectively. (c) and (k) refers to cohorts. (t) stands for time.
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The modelling framework, summarised in Figure 4, was not the starting point for the thesis. Instead,
it was gradually developed throughout the thesis. Hence, Paper 1 did not apply the full framework,
but rather focused on the dynamics of the built environment systems. Paper 2 progressed the
framework to integrate the population dynamics at the level of households with those of the built
environment. Paper 3 applied the framework for the population only but a higher degree of granularity

than Paper 2.
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3. Summary of Papers

3.1. Paper 1

In this paper (Vasquez et al. 2016), a Type-Cohort-Time (TCT) approach for stock dynamics
modelling is presented and applied for the study of energy reduction strategies in the residential sector
of Germany and Czechia’. The need for dwellings is described in terms of the average living area per
inhabitant, the population size, and the preference for a dwelling type. The Type-Cohort (archetype)
differentiation was applied to four types of dwelling-buildings (single family houses, multi-family
houses, terraced houses, and apartment blocks) to estimate their energy requirements (for heating and

hot water) along their life.

It was found that the same policies on energy reductions can lead to different results in each country
given the distinct (i) population trends, and (ii) structure (age and type distribution) and level (size)
of development of the stock. Germany has a declining population that naturally reduces the need for
energy and for new buildings. However, it has a more mature (older and larger) stock, which results
in higher replacement and renovation requirements. This limits the effectiveness of policies that
promote energy reductions in new construction, and brings the attention to the renovation activity.
On the other hand, Czechia exhibits a younger stock that calls for expansion given the growing trends
on population and average area per capita. Thus, strategies that promote energy efficiency gains in

new dwellings are imperative to avoid locking into young but highly energy-demanding dwellings.

Methodology-wise, this paper demonstrates that dynamic building stock models that differentiate
across types and cohorts are an effective tool to bridge the gap between the energy reduction targets

required to achieve climate goals and the policy tools deployed to achieved them.

3.2. Paper 2

In this paper (Olaya et al. 2017), the TCT approach is used to study scenarios for closing the housing
deficits of Colombia. Three types of housing conditions are considered — No Deficit, Qualitative

Deficit, and Quantitative Deficit — which reflect (i) the living arrangements of households (i.e.

5 Czech Republic at the moment of the study was conducted.
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number of households per dwelling), and (ii) the conditions of the dwelling. The “No Deficit” relates
to the optimal condition where one adequate dwelling is inhabited by one household only. The
“Qualitative Deficit” condition reflects a dwelling that needs improvements which is inhabited by
one household. The “Quantitative Deficit” relates to the condition where one inadequate dwelling
(needs to be replaced) hosts one or more households. Commonly, non-deficit dwellings are built
through formal construction processes and accessed by the middle and upper-income classes of the

society. Dwellings in deficit are self-built by the low-income segment of the population.

Accordingly, the TCT approach was tailored to concurrently model the dynamics of the households
and the dwellings since deficits reflect the status of both. The need for dwellings is described in terms
of the number of households per dwelling and the number of people per household given a certain
distribution of households across deficit types which reflects the socioeconomic conditions of the

population. Nine socioeconomic scenarios were analysed for closing deficits by 2030, 2050 and 2090.

The findings reveal that closing deficits by 2030 is accompanied by the challenge of increasing
current construction activity by 97-155% in the short-term with subsequent shrinkage to present
levels once the problem is solved. On the contrary, if mechanisms to solve the housing deficit
situation are not implemented, between 0.5 and 1.6 million additional households will be in deficit
by the same year; which is around 10-30% more than today. Although demographic decline can
reduce both the number of households with deficit and the construction efforts for closing deficits, it
is not sufficient to solve the problem and interventions are required. Conversely, regardless of the

demographic scenario, delaying actions increases construction required to close the gap.

Here, it is demonstrated that policies for closing housing deficits need to be based on knowledge of
demographic and dwelling stock development and their linkages. Furthermore, it is demonstrated that
dwelling stock models can be integrated with household stock models in order to analyse and promote

strategies for reducing inequalities that relate to the built environment.

3.3. Paper 3

This paper applies the TCT approach to investigate the changes in food-energy demand due to
changes in the demographic structure and in the biophysical characteristics of the world’s adult

population between 1975 and 2014. The population stock is differentiated by sex and cohort, and the
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body mass index and height are used to estimate the caloric demand of individuals according to their

sex and age.

It was found that the global food energy requirements increased by 129% over the past four decades.
Population growth contributed with 116% of this increment, weight and height gains with 15%, and
the aging phenomenon counteracted the rise by 2%. Today’s average human is 14% heavier, 1.3%
taller, 6.2% older, and 6.1% more energy demanding than his counterpart in 1975. The results depict
an additional burden to future food security beyond the mere growth in population size, particularly
because there is a trend towards body mass increments in most parts of the world. Yet, it needs to be

explored how much the aging phenomena can counteract this burden.

This paper demonstrates that the same approach used for modelling built environment systems can
be employed to address the population system and its physical linkage with resources. Using a
demographically explicit stock-dynamics approach to population for addressing food issues goes
beyond food security and could potentially include food waste reduction strategies, and waste and

recycling strategies.
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4. Discussion and conclusion

4.1. Question (i)
informing options to reduce energy use and greenhouse gas (GHG) emissions in
the residential sector considering changes in population, housing service demand,

and building technologies

Opportunities to reduce energy use and GHG emissions in the housing stock are determined by the
interactions between (i) the dynamics of the population, (ii) the type of dwellings and living area
demanded by the population (the housing service demand), and (iii) the energy performance of
different dwelling types of different construction periods (building technologies). These three factors
vary across and within countries. Accordingly, same technologically-oriented energy and climate

policies are expected to deliver different results in different regions.

The size of the population and the living area per capita determine the size of the stock at a given
year. The preference for a type of dwelling affects the stock composition. The building technologies
determine the energy efficiency and energy sources of different dwelling archetypes (types and
cohorts). These drivers interact altogether in the context of construction (introduction of new
dwellings), refurbishment (improvement of existing dwellings), and demolition (removal of old
dwellings) activities to shape the dwelling type-cohort composition of the stock and its related energy

use.

We demonstrate that MFA models provide a comprehensive framework to evaluate the effectiveness
of strategies for reaching energy and climate targets, considering population, service demand, and
technological drivers. As a result, regional priorities can be set for the implementation of policies that
deliver best energy and GHG reductions in the context of each country as demonstrated for the cases
of Czechia and Germany. In simple terms, it allows to identify when and which policies will have a

greater impact.

For example, a growing population trend coupled with a growing average living area per capita, such
as the one forecasted for Czechia, calls for the rapid expansion of the standing dwelling stock. This
makes the introduction of less energy demanding dwellings in new constructions an efficient strategy

to achieve overall energy reductions in the near future. Besides, following this expansion and the
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relatively short lifetime of existing buildings, the relative share of old and energy-intensive buildings
is shrinking, which makes refurbishment initiatives less effective for overall country-level energy

reductions.

In contrast, a declining population, such as the one Germany is already experiencing, is enough to
counteract the growing dwelling size per capita, and calls for a shrinkage of the total stock. This
results in increasing vacancy and organic reductions in the energy demand and the construction
activity. These trends coupled with a relatively long lifetime of existing dwellings make
refurbishment activities more relevant for overall energy reductions, while limiting the opportunities

to introduce new and more energy-efficient dwellings.

Under the current European framework (European Commission 2011), which sets energy reduction
targets as percentage of a baseline energy use at the country level, the population dynamics play a
larger role than the service demand and the building technologies. For the cases studied in Paper 1,
the population decline in Germany conduces to achieving the national energy goals without the need
of decreased living standards or large efforts in refurbishments. On the contrary, the growing
population of Czechia, which is also demanding larger houses each year, requires deeper and more

immediate technological measures to achieve the same energy goals.

Current European policies (European Parliament and The Council of The European Union 2010,
2012) focus on interventions at the building level (e.g. zero energy buildings and deep energy
renovation) in order to achieve the country-level energy reduction goals. Yet, we demonstrate that
these technological-oriented policies might not be sufficient on their own for achieving the targets,
given current demographic and service demand trends. Thus, changes in energy-related user
behaviour are also required. The TCT approach could be used to analyse the influence of the users in
the total energy use in a systematic way. For instance, by accounting for the specific energy demand
of people from different population segments and their likelihood towards adopting energy saving

habits and measures.

4.1.1. Methodological reflection

The dynamic Type-Cohort-Time TCT approach presented in this thesis (in Paper 1) enables the study

of the long-term “construction-demolition-refurbishment” interactions that shape the size,
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composition and energy requirements of the dwelling stock — by type and cohort. It uses the

population, the service demand and building’s technology and lifetime as drivers.

The TCT approach expands the Cohort-Time modelling principles employed in previous studies
(Miiller 2006; Sandberg et al. 2011; Sandberg and Brattebe 2012; Hu et al. 2010a) by adding Type as
an additional modelling dimension which enables the study of dwellings’ characteristics that are not
common to each element to the stock but that are type-cohort dependent, e.g. the energy needs of a
building or its material composition. Thus, the TCT approach opens a path for dynamic stock models
to move from a mere description of general characteristics of the total stock or certain cohorts,
towards a more comprehensive and disaggregated description of the characteristics of its elements,
while still keeping the account on the totality of the stock. This allows to identify potential resource-
related bottleneck or opportunities for certain segments of the stock, which ultimately adds relevance
to policy making. This type of analysis is particularly important in the context of climate-energy
mitigation, where possibilities for energy gains might depend on the technological options for new

buildings or the refurbishment existing buildings of different typologies.

4.2. Question (ii)
informing options for eliminating housing deficits considering socioeconomic

differences and demographic trends

Housing deficits, understood as the lack of sufficient adequate dwellings in a country, are defined by
the socioeconomic conditions of households and the demographic aspects related to population size
and households size. These factors are country-specific, hence, the policies required to solve the

problem must also be specifically tailored to the conditions of each country.

Factors such as income, purchasing power, and access to financial markets vary across type of
households and affect the type of dwelling they access, and whether several households must share a
dwelling. The demographic trends (growth or decline), in combination with the household size trends,
determine the total number of households. The interaction between these factors regulates the size

and composition of the housing stock in regards to the adequacy and sufficiency of the dwellings.

We show that a TCT approach provides a suitable framework to integrate the modelling of household

dynamics and dwelling dynamics in order to inform country-specific policies aiming at reducing
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housing deficits. The framework considers the demographic particularities and type segmentation of
the households as well as the type and cohort segmentation and dynamics of the dwelling stock. This
allows to evaluate the effectiveness of different policy interventions as well as to generate information
on the magnitude of interventions (e.g. construction of new dwellings) required to close deficits in

different time horizons, as explored for the case of Colombia in Paper 2.

Since dwellings with deficits are typically self-built by households with low income, there is an
explicit need for interventions that promote the improvement of their economic conditions so these
households can access a new dwelling of adequate conditions. Accordingly, the earlier the
interventions the better in terms of material and economic resources. Early interventions will avoid
the construction of more inadequate dwellings, which eventually need to be replaced by adequate

dwellings.

Yet, as observed for Colombia, promoting a rapid access to adequate dwellings implies a sudden and
significant expansion of the construction activity that will cease once the problem is solved. This
might have significant economic repercussions for the construction sector. These repercussions need
to be analysed together with the socioeconomic implications resulting from a delay of actions to solve

the housing deficits.

Policies oriented towards eliminating housing deficits and slums need to consider not only current
deficits indexes, but also the possible growth (expansion) of the inadequate dwelling stock in the
future resulting from the households dynamics. In this sense, it is not enough to use conventional
forecasts on the population size such the one used in Paper 1, but it is also necessary to take a

household stock approach to the problem.

So far we have used the same average number of persons per household regardless of housing type.
This might yield over/under estimation of the need for dwellings in certain segments of the population
since there are possibilities of having distinct household sizes across households types. The TCT

approach can be tailored to address these type specificities.

4.2.1. Methodological reflection

The same Type-Cohort-Time approach employed in the study of dwellings (in Paper 1) could in

theory be used to capture the dynamics of households, with some adaptations. Unlike dwellings,
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which are made out of materials that come from the natural environment, the households are
arrangements of the population stock. Thus, their elements are not coming from outside the system,
but instead, households are created and destroyed by the individuals forming the population stock.
Thus, when dealing with households, it is necessary to account for the dynamics of the population
stock and the dynamics in the size of the household unit. Accordingly, the models need to be tailored
to only account for the intrinsic changes of the household arrangements instead of accounting for

inflows or outflows to the stock as commonly done for stocks of the built environment.

A further model adaptation is required compared to conventional dwelling stock models where
dwellings commonly preserve their type until the end of their useful lifetime. Households can change
their socioeconomic conditions in desirable (decrease of inequalities and higher income) or
undesirable (increase of inequalities and lower income) ways, implying a change in their type. Thus,
flows across household types are required to be taken into account. Moreover, these changes in
household type could imply the physical upgrades of a dwelling, which makes necessary to account

for dwelling type changes as well.

4.3. Question (iii)
informing food security strategies considering demographic changes and changes

in the biophysical characteristics of humans

Food-energy requirements depend on people’s age, sex, weight and physical activity level. Thus, the
total food requirements of a region depends upon its demographic composition, and the biophysical
and lifestyle characteristics of its individuals. Accordingly, long term food security strategies are best
informed by a comprehensive understanding of the long term food demand variations due to

demographic and evolutionary processes of the population.

A TCT approach as the one used for the energy requirements of dwellings in Paper 1, is suitable for
the longitudinal study of the energy metabolic requirements of humans. The human body acts as an
infrastructure: it requires physical resources for its growth and sustenance (operation). From this
physical perspective, the population stock is similar to a built-environment stock; it is constituted by
individual elements with resource — energy — requirements that depend upon characteristics that relate
to the cohort and the sex (or type) of the individuals, as explored for the food energy requirements of
the world adults in Paper 3.
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We found that the adults’ food energy demand has increased by 129% in the last four decades. The
increase in population numbers remains to be the main reason for this (116%). Yet, across generations
there has been a tendency towards the growth of individuals - in height and weight — that have
significantly contributed to the increase of food requirements (15%). On the contrary, the aging

population phenomenon has partially counteracted the increase in food demand (-2%).

If the observed trends continue, food energy demand worldwide will continue to grow beyond the
increase in population numbers, mainly due to the almost generalised upward trend of body mass and
height in individuals across nations. Thus, on the average, food demand per capita will continue to

increase; calling for an expansion of the food production and processing systems.

4.3.1. Methodological reflection

The TCT model for the study of the population energy requirements is similar to the model employed
in the study of energy demand in the built environment. The accounting of the population
differentiated sex and cohorts similar to the dwelling stock, which differentiated types and cohorts.
Furthermore, people’s attributes such as height and weight can be treated analogously to the
dwelling’s attributes such as area or volume. Thus, similar model approach equations can be used to

relate the stock to a type-cohort specific energy demand factor.

4.4. Question (iv)

on the demographic extension of socioeconomic metabolism methods

Both, the built environment and the population are dynamic stocks constituted of elements grouped
into different types and cohorts with different characteristics that can change over time. For instance,
the residential stock is made up of single dwellings with area, volume, and material composition that
can change during their useful life or across dwelling types and construction techniques and periods.
In the same manner, the population is composed of individuals of different ethnicities, age, and sex
whose characteristics change along their life and across cohorts, such as height, weight, life

expectancy, beliefs, culture, educational attainment, and economic condition.

Similarly, the change in physical characteristics of a dwelling (e.g. via refurbishment) has energy and

material implications in a similar manner that the change in weight and height of humans have
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implications for food demand (energy and mass). Furthermore, for both stocks, every year, new
cohorts are introduced (e.g. births and new constructions), and outflows are discounted (e.g. deaths

and decommissioning of infrastructure).

These common properties allow to represent the composition and evolution of both population and
built environment stocks using a TCT approach, which in turn enables to address the physical and
service linkages that exist between these two systems under a common mathematical framework.
Since both stocks have similar structures, they can be described using a set of balance, intrinsic, and
model approach equations. Balance and intrinsic equations are in both cases applied to describe the
relationships between stocks and flows, while differences appear in the model approach equations
because the drivers of these system are different. In this regard, it is essential to explicitly consider

that the population stock is driving the built environment stocks, and not the other way around.

This thesis illustrates that a TCT approach is suitable for the study of the heterogeneity and dynamics
of both type of stocks, either in isolation (Papers 1 and 3) or in conjunction (Paper 2). In Paper 1 and
Paper 3 we showed how a TCT approach can be used to study energy requirements in the dwelling
stock and the population stock respectively. Paper 2 illustrates how both stocks can be integrated into
the same model to study the service linkage between the population and the built environment. Paper
3 is a first step towards a complete description of the physical linkage with the anthropogenic food

resources.

4.5. Conclusion and outlook

The notion of sustainability rests on the premise of adequately meeting the needs of the present
population without compromising the ability of future generations to meet their own (World
Commission on Environment and Development 1987). Thus, resource sustainability strategies must
be informed by a thorough understanding of the human needs and the associated resource use. The
linkage of the demographic metabolism and the socioeconomic metabolism is an important

cornerstone for this.

Addressing human needs and wants in resource sustainability modelling implies to explicitly model
the differentiated requirements for goods and services of different population segments. The

framework that this thesis presents has the potential to provide more accurate and more relevant
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descriptions and forecasts of infrastructure and resource use resulting from more granular descriptions

of the population and needs.

For instance, the demand for healthcare facilities and personnel can be studied in relation to the ageing
and life expectancy changes of the population. The need for schools and teachers can be analysed in
connection to the population’s fertility and birth rates, and the changing educational attainment across
generations. The need for clothing and food can be examined through the lens of the changing
biophysical characteristics of the individuals across generations and along their lives. The housing
preferences and energy use behaviour of different population segments can be also investigated in a

similar manner.

This work demonstrates that the same mathematical framework can be used to the description of both
resources in the anthroposphere and the population, enabling their integration. This approach
promotes a more refined study of the goods and services provided by the population and built and

natural resources for the satisfaction of needs and wants.
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While many countries have set ambitious targets for reducing energy use and GHG (greenhouse gas)
emissions, it remains highly uncertain whether the policies introduced will be suitable to reach these
targets at the specified times. Models used to inform building policies often do not account for the differ-
ent boundary conditions related to socio-economic development, climate, composition and age structure
of the existing building stock, and lifetime expectancy, which hinders effective strategy development and
realistic target setting. This study presents a dynamic Type-Cohort-Time (TCT) stock-driven modelling
approach that considers demographic aspects, lifestyle-related issues, and building-specific character-
istics. Case studies were conducted for the dwelling stocks in Germany and the Czech Republic, two
countries with different boundary conditions, but that are sheltered under the same European energy-
reduction policies and goals. The effects of the policies on nearly zero energy buildings and increased

Keywords:
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Stock dynamics

Dynamic material flow analysis MFA
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Renovation renovation rates were tested. The results showed that current regulations are sufficient to achieve the
Vacancy 20% energy efficiency goal by 2020, but not to reach the 2050 energy and GHG-emission goals. The scenar-
Germany ios further demonstrate that the same policies on renovation and construction in different countries lead

Czech Republic
Residential sector
Building stock

to different energy reduction levels. Accordingly, country-specific policies and measures are suggested.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The buildings sector is crucial for the reduction of overall energy
use and climate change mitigation. According to the IPCC [1,2] the
operation of the building stock is currently responsible for almost
one third of the final energy demand and around one fifth of the
greenhouse gas (GHG) emissions worldwide. Baseline scenarios
project a doubling of the energy demand and a rise by 50-150% in
CO, emissions by mid-century in the sector [1]. If already available
cost-effective best practices and technologies are broadly diffused
final energy use may stay constant or even decline in the same
period [2]. Yet, the achievement of significant energy reductions
requires a deep and fast transformation of the building stock [2,3]
to a zero or even positive energy system.
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In the European context, buildings are considered to have the
largest energy-saving potential among all sectors [4]. Thus, the pro-
motion of the aforementioned transformation has been led by the
European Directives on the Energy Performance of Buildings (EPDB)
and on Energy Efficiency (EED), and the Energy Efficiency Plan
2011 [3,5,6]. These policies have decreed (i) the need for increased
renovation rates, (ii) minimum energy performance requirements
during major buildings’ renovation, and (iii) the implementation of
all new buildings after 2020 as NZEB (nearly zero-energy buildings).

Through these policies the building sector is expected to sig-
nificantly contribute to the achievement of the European goals of
saving 20% of the Union’s primary energy consumption by 2020
compared to projections [4], and of reducing GHG emissions in the
residential sector by 88-91% by 2050 with respect to the emission
level of 1990 [7].

Consequently, robust building stock models are essential for
informing decision makers about the effectiveness of different poli-
cies or combinations of policies for (i) realizing current goals, (ii)
defining realistic goals, (iii) prioritizing climate change mitiga-
tion strategies, and (iv) avoiding misinformation and fragmented
actions and policies that lead to weaker results in the long run
[8]. The IPCC’s fifth assessment report already identified a lack
of adequate models in this regard [2,9]. Currently, LCA (life cycle
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assessment), economic input-output LCA, and hybrid LCA are the
most widely used approaches for supporting decisions for individ-
ual buildings [10]. Nonetheless, these are insufficient to address
the gap between targets and expected outcome from policies on
national or regional levels.

Models of the energy use of the building stock have to be able
to handle the complex and heterogeneous nature of the stock
[11,12]. This complexity can be dealt with by decomposing the
stock into its essential dimensions. Consequently, models can be
characterised by the different dimensions they incorporate along
with their driving forces and modelling techniques. Three dimen-
sions are emphasized: (i) building types, (ii) cohorts, and (iii)
time. The types and cohorts correspond to the way the building
stock is structured (typology). Combinations of these two are com-
monly described in the literature as archetypes. Both dimensions
are important because they are representative of the buildings’
construction technology/materials and energy performance. Time
refers to the modelling time frame - one or several years - and
whether this corresponds to historic, present, or future situation.
Models addressing long time periods are of high importance to
capture inertia and lock-in effects related to the long lifetime of
buildings. Differentiated lifetime across building cohorts and types
complements the archetypes.

The model’s driving forces and modelling techniques are inter-
related. We refer to these as modelling approaches or types of
models. These can be classified into three: (i) accounting, (ii)
quasi-stationary, and (iii) dynamic. Dynamic models are further
divided into (a) input-driven or activity-driven, and (b) stock-
driven. Accounting models mainly quantify the stock size and
composition, and associated material or energy flows. This type
of model is based on reckoning principles and does not intend to
analyse the drivers of the stock development and energy use. In
contrast, the other two model approaches make use of different
drivers to explain the size, composition, and energy consumption
of the stock. Quasi-stationary models commonly study the building
stock for one single year, while dynamic models analyse multi-
ple years. The activity-driven models generally use construction
and demolition rates, mostly based on historic trends, as drivers.
The stock-driven models use the service demand/provision con-
cept [13], which relies on time-changing factors like population
and preference in size and type of building. Stock-driven models
use the buildings’ lifetime for explaining and estimating construc-
tion and demolition activities. In turn, this type of model requires
a longer modelling time-span due to the long lifetime of buildings.
The impact of renovation is often captured by the use of renovation
rates or renovation cycles.

Table 1 presents a review of existing models and studies for
the energy use in the building stock using the discussed classifica-
tion of dimensions and model approaches. The further to the right
and to the bottom a model is positioned in Table 1, the greater its
analytical capabilities and the larger the input data requirements.
This is more characteristic of bottom-up models since top-down
models are normally “accounting models” and commonly aggre-
gate the stock into one type and one cohort. Studies addressing
only one type and/or one cohort and/or one year are useful to iden-
tify key challenges of specific parts of the stock, but are unsuitable
to address long-term challenges and to inform policies and targets
of the sector. Most of the current studies concerned with multiple
types and multiple cohorts lie within the accounting or activity-
driven modelling approaches. The majority of these studies focus
on the existing stock while disregarding the role of future buildings.

The presented references either mention the name of the author,
the institution, the model, or the project. The “one type” classifica-
tion refers either to studies addressing one specific type of building
or the building stock as a whole (i.e. no type differentiation). One
cohort refers to studies analysing buildings built in a specific year

or range of years (because similarities in construction technology),
or to studies on the total building stock without cohort differenti-
ation. Some of the presented studies could be classified differently
because they have components that may lie between two or more
modelling approaches. Some studies use the type dimension for the
differentiation of household, appliances/technologies, or energy-
carriers types instead of building types.

There is a gap of studies that: (i) use stock-driven models; (ii) are
multi-type, multi-cohort and multi-year in the approach; and, (iii)
evaluate the energy demand of not only the existing but also the
future buildings. Only one study, carried out by Pauliuk et al. [63],
was found to be positioned at this methodological level. Although
there are a growing number of studies of the building stock using
multidimensional stock-driven models, these have focused on top-
ics other than energy. Most of them are concerned with stock
development (stock size, stock change, construction and demoli-
tion) and/or materials [13,64-70].

Here, we present a dynamic stock-driven type-cohort-time (TCT)
approach based on MFA principles that aims to fill this research
gap. Two case studies on the residential building stocks of Germany
and the Czech Republic were developed. The effects of a success-
ful implementation of the European policies on NZEB by 2020 and
increased renovation rates were tested and compared with national
and European energy targets. The TCT approach was also used to
identify priority areas for mitigation actions in different specific
parts of the stocks.

The choice of the countries was based on: (i) the past and
expected future socio-economic differences between them; (ii) the
data availability for the composition and energy performance of
the existing stock; and, (iii) the relevance of the dwellings in the
national buildings stock and energy consumption.

2. Method
2.1. System definition

The system describes floor-area development and energy use of
the dwelling stock (see Fig. 1). The dwelling stock was differenti-
ated using the types and cohort groups reported by the European
projects TABULA and EPISCOPE [ 26], in accordance to the “European
unified building typology”. Single-Family Houses (SFH), Terraced
Houses (TH), Multi-Family Houses (MFH), and Apartment Blocks
(AB) were the four dwelling types studied.

Living area, according to national definitions, was the used ref-
erence floor-area. Energy use includes the theoretical delivered
energy for space heating and hot water during the dwellings’ use
phase. The energy definition follows the EN ISO 13790 standard
[71], and excludes energy for appliances. Issues related to primary
and final energy, losses in transmission, energy carriers, user-
related energy consumption behaviour, and GHG emissions are
beyond the scope of the study.

2.2. Model description

A dynamic stock-driven model (see Fig. 1) was developed for
tracking flows of floor area and energy through all type-cohort frac-
tions of the stock. Floor-area stocks and flows were studied for the
period 1800-2100. Energy was studied for the period 2010-2100.
The 301-years modelling time frame allotted sufficient time-step
calculations to account for the stock’s slow change in composition
due to the long lifetime of buildings. The last year, 2100, corre-
sponds to the current last year in the climate change discourse
[1].

The model builds on Miiller’s [ 13] dynamic MFA-model and fol-
lowing applications. Six different output variables are generated:



F. Vdsquez et al. / Energy and Buildings 111 (2016) 37-55 39
Table 1
Models and studies for energy use in the building stock: classification by modelling dimensions and approaches according to MFA (material flow analysis).
Time Type One type Multiple type
Model approach Cohorts
One cohort Multiple cohorts One cohort Multiple cohorts
One Accounting Amstalden et al. [14] Salat [15] Aydinalp and Ugursal Parekh [19]
Year [16] Huang and Brodrick
Shimodaetal. [17] [20]
Cuerda et al. [18] Jones etal. [21]
Swan et al. [22]
Nemry et al. [23]
Tornberg and
Thuvander [24]
Sndkin [25]
TABULA/EPISCOPE
[26]
Dascalaki et al. [27]
Quasi-Stationary Larsen and Nesbakken Capasso et al. [30] Aydinalp et al. [32]
[28] Choudhary [31] Swan et al. [33]
Hong et al. [29] Dall'O’ et al. [34]
Multiple Accounting Haas and Schipper [35] Nesbakken [40] CREEM [42]
Years Bentzen and Engsted Tommerup and Itard and Meijer [43]
[36] Svendsen, [41]
Emery and Kippenhan
137]
Kadian et al. [38]
Sartori et al. [39]
Dynamic Activity Driven Ozturk et al. [44] LC-Build [46] Kohler et al. [48]
Buildings Performance Onat et al. [47] Palmer et al. [49]

Institute Europe [45]

BEAM [50]

Stock Driven

Sandberg et al. [60]

NEMS [51]

Siller et al. [52]
Hens et al. [53]
DEE-Czech [54]
McKenna et al. [55]
Bettgenhduser
[56,57]

Boermans et al. [58]
Reyna and Chester
[59]

Miiller et al. [62] Pauliuk et al. [63]

Sandberg and Brattebg

[61]

Stock (S), Stock Change (AS), Construction (I), Demolition (0), Stock
Vacancy (1), and Energy Use (E). All variables are studied in three
dimensions: by Type of dwelling (j), by Cohort (c), and in Time (t)
on a yearly basis, TCT. Each cohort corresponds to only one spe-
cific year. A cohort-group corresponds to a period of several years
where dwellings share similarities in technology and materials, and
therefore perform similarly energy-wise.

The stock dynamics and the subsequent energy demand are
driven by six parameters: Population (P), Floor Area per Capita
(FApC), Type Split of Construction (TS), Mean Lifetime of Dwellings
(7), Lifetime Standard Deviation (o), and Energy Intensity of the
Dwellings (¢). FApC and TS are representative of the lifestyle of a
given period. 7, o and ¢ are representative of the buildings’ tech-
nology.

A detailed model description is presented in Appendix A (see
Appendix A1). The stock (S) is found by multiplying the population
(P) and the dwelling service level (FApC). The composition of the
stock at a given year is defined by (i) the size and type split of
the construction activity of that year (see Eq. (1)), and by (ii) the
size and type split of the still-standing dwellings of each one of
all the previous cohorts. The standing stock of a specific cohort in a
given year is explained by the cohort’s initial size when constructed
minus its accumulated demolition until that year.

The total construction of a year is the sum of (i) the net addition
to stock (AS)—which responds to the change in population and
lifestyle standards and (ii) the substitution of the dwellings reach-
ing the end of their service life (0). The construction of a specific

type of dwelling is defined by the type split-share (TS;.) as in the
following equation:

Lt =(ASt +0¢) - TSj ¢ (1)

The demolition of a type-cohort combination in a specific year
(see Eq. (2)) is a function of (i) its size at construction (I;), and (ii)
its probability of reaching the end-of-service-life (fj ;) given its age.
fjce is derived from the probability density function of a normally
distributed lifetime.

Oj,c,t = Ij,c 'f}.c,t (2)

The total energy demand (see Eq.(3))ina given year is the sum of
the individual energy intensities (; ) of the different parts (type-
cohort combinations or segments) of the in-use stock (S;,). The
in-use stock is the total stock adjusted for vacancy (1).

t
Ec= > geeSee-(1=A) 3)
j =1

The energy intensities of the different type-cohort segments
progressively decrease in time, unless the contrary is specified.
These energy gains indirectly represent renovation since this activ-
ity is not explicitly modelled. Specifics on energy intensities and
renovation are further explained in the following subsections and
Appendices A4 and A5.

Vacancy represents floor-area surplus. It occurs when the stand-
ing stock exceeds at meeting the service needs, which also signifies
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Fig. 1. System and model definition. Variables: S—Stock, AS—Stock Change,
I—Construction, O—Demolition, A—Vacancy, E—Energy Demand. Parameters:
P—Population, FApC—Floor Area per Capita, TS—Type Split, T—Average Lifetime,
o—Lifetime Standard Deviation. Dimensions j-type, c—cohort, t—time. Dimen-
sions: SFH—Single Family House, TH—Terraced Houses, MFH—Multi-Family Houses,
AB—Apartment Blocks.
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no need for new construction. Vacancy is characteristic of steady or
declining population and/or living standards, and it is a new con-
cept in dynamic MFA modelling. This concept of vacancy differs
form the traditional definition, which is mainly a market-based
indicator. Our model does not account for the market vacancy
because the FApC values were derived from statistics reporting only
on occupied dwellings.

2.3. Parameter estimation

Fig. 2 illustrates the long-term development in the input param-
eters P, FApC, TS, T and o. The input values for ¢ are independently
presented in Fig. 3. Population and Floor Area per Capita were
described by using a logistic function and by applying a non-linear
regression method on the available statistics (see Parameters Val-
ues Used in Fig. 2).

Population (P) numbers, historical and projections, were mainly
based on information from the statistical offices of the respective
countries [72-77]. Assumptions about the future population were
based on medium projection scenarios.

Data for Floor Area per Capita (FApC) was obtained from diverse
statistical sources [77-82]. Historical data prior to 1950 were
sparse. An initial value of 10m?2/cap in 1800 was assumed for
both countries based on early assumptions by Bergsdal et al. [66]
for Norway. An end stabilisation value of 48 m2/cap in 2100 for
Germany and in 2140 for Czech Republic was assumed. The 40-year
lag between countries was defined under the premise that today’s
values in Czech Republic were reached by Germany approximately
40 years ago; and it is expected that Czech Republic develops and
industrialises in a similar way as Germany did it in the past. The
assumption for the stabilisation level is conservative, particularly
for Germany where it implies little growth from today’s level of
43 m2/cap. The choice is however supported by the German trends
in the constituent factors of FApC - Floor Area per Dwelling (FApD)
and People per Dwelling (PpD), where FApC =FApD/PpD - over the
last three decades[80,81,83-91] (seeFigs. A1 and A2).In this period,
FApD grew less than 10 m? per dwelling with a trend towards flat-
tening and stabilising around 90 m? per dwelling. In addition, the
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Fig. 2. Model input parameters. Population, floor area per capita, and type split of construction are displayed annually (time in the horizontal axis). Mean lifetime and its

standard deviation are presented by cohort (cohorts in the horizontal axis).
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Fig. 3. Energy intensities (¢) for different types and cohorts for existing state (2012), usual refurbishment, and advanced refurbishment: raw data from TABULA [26]. Numbers
are based on example buildings and are available for dwellings built until 2009 and 2005 for Germany and Czech Republic, respectively. Numbers are reported for 4 dwelling
types, and are available for 10 cohort groups for Germany and 6 cohort groups for Czech Republic for almost all types of dwellings.

numbers of persons per dwelling has shown signs of stabilisation
towards 2.0 persons per dwelling.

Data on the Type Split (TS) of Construction for the four dwelling
types was not found. The annual values were obtained by assuming
that the current type-distribution in each cohort [26] corresponds
to the type-split when the cohort was built. This implicitly means
that all dwelling-types in a cohort (or cohort group) were assumed
to have same average lifetime. The split of future cohorts was

assumed to remain constant at present values. In reality, TS is
characterized by large inter-annual variations due to rapid mar-
ket demand and dwelling preference fluctuations, which were not
studied.

A fixed expected Lifetime (t) for all cohorts in each country was
assumed (see Fig. 2). o was assumed to be 1/4 of t. Through a
process of model calibration and results validation to different life-
times (see Appendix A3), the German dwelling’s average lifetime
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was estimated to lie around 150 years and the Czech’s around 100
years.

Energy Intensity (¢) represents the annual average delivered
energy per m? of living area (kW h/m?2/yr). Numbers for the
presently exiting dwellings were taken from TABULA [26]. TAB-
ULA reports three energy performance levels - (i) existing state,
(ii) usual refurbishment, and (iii) advanced refurbishment - for 34
and 24 different type-cohort-group combinations in Germany and
Czech Republic, respectively (see Fig. 3). The different energy per-
formance levels were used as input values for forecasting of the
present and future yearly energy intensities (energy performance
profiles for 2010-2100) of existing dwellings in each scenario, and
for indirectly modelling renovation. The energy performance pro-
files and renovation modelling are further explained in Appendix
A4 and Fig. A5. Numbers from TABULA were also used to define the
different energy performance-levels’ values of the future dwellings
in the TRENDS scenario (see Section 2.4 and Appendix A5). For sim-
plicity we have assumed that a NZEB is a dwelling that demands
zero energy from the grid (zero delivered energy) during its use
phase. More considerations on energy are presented in the follow-
ing section.

2.4. Scenarios

Four forecasting scenarios — TRENDS, REN, NZEB and RENZEB
- concerned only with current European on the energy perfor-
mance of new and renovated buildings were developed. These were
modelled by changing the energy intensity parameter ¢ in differ-
ent cohorts and times. Since other parameters are not affected by
these policies, they were assumed to remain unchanged to allow
comparison.

The TRENDS Scenario sets a baseline for analysis and can be
regarded as a worst-case scenario. It builds on the premise that the
countries fail at the implementation of current policies in the sector
(i.e. NZEB and increased renovation rates). Consequently, the tech-
nological development follows past trends and renovation rates
remain at current levels.

Three technology learning curves were derived for each
dwelling type - based on the energy intensities in Fig. 3 (past
cohorts) - to establish the energy performance of the future cohorts
over time. The first curve defines the energy intensity at year of
construction. The two other set the cohort-dependent energy gains
at usual and advanced refurbishment levels. More details are pre-
sented in Appendix A5.

Since available data on renovation rates are not explicit about
the cohorts refurbished, we used instead renovation cycles to
model cohort-specific renovation activities. A renovation cycle is
defined as the time required for a cohort or cohort group to move
from one energy performance level to another (e.g. the cohort’s
average energy intensity moves either from the existing state to
the usual refurbishment, or from the usual refurbishment to the
advance refurbishment level). Analogously, we can consider this
time as the average time that takes a dwelling to undergone a deep
renovation (commonly of facades) [65]. Following this line of rea-
soning and based on results and discussions presented by other
authors [51,52,65,92,93], we associated current renovation rates —
around 1% [45,54,55] - to correspond to a renovation cycle of 50
years, which is a common average time for a building to under-
gone a deep renovation. Subsequently, each cohort was modelled
to linearly achieve an average energy intensity equivalent to a new
refurbishment level every 50 years. This means that the average
usual refurbishment level is achieved in 50 years, and the average
advanced refurbishment level in 100 years-50 years after the usual
level.

The REN Scenario studies the policy for increased renova-
tion rates in isolation. Since the EPBD does not explicitly specify

renovation rates, we followed the German approach to the policy
of doubling the current rates [94], from 1% to 2% [55]. We tested
this policy by means of a halving in the renovation cycle, from 50
to 25 years. Since Czech Republic does not have specific renova-
tion rate targets the same halving approach was used. The energy
performance of the future cohorts over time was defined as in the
TRENDS scenario but using a halved renovation cycle. The same
renovation cycle was applied to all type-cohort segments of the
stock.

The NZEB Scenario analyses the effects of a successful deploy-
ment of the NZEB policy in isolation. Thus, it builds on the premises
that (i) by 2020 all new dwellings are built as zero energy demand-
ing, and that (ii) renovation rates stay at the current level as in
the TRENDS scenario. We further assumed technology stagnation
after the introduction of NZEB. Hence, all dwellings built after 2020
remain at zero level.

The RENZEB Scenario explores the case of a successful imple-
mentation of both policies on increased renovation rates and NZEB
by combining the assumptions of the REN and NZEB scenarios.

3. Results
3.1. Stock dynamics

The German stock is expected to reach a maximum around 2030
and to subsequently shrink during most of the century (see Fig. 4).
The stock decline is accompanied by the decline in population dur-
ing most of the century and a very high average service level already
in 2030 (FApC c.a. 46 m?/cap). In the Czech Republic, the stock will
grow for the rest of the century, although this growth slows down
during the last three decades. During those three decades the pop-
ulation has almost stopped growing while the FApC has reached
43 m?/cap (present level in Germany). The growth of the stock by
the end of the century will be driven primarily by the growth in
service level.

Future construction shows different trends in the two countries,
mainly due to the long but different lifetimes (lower part of Fig. 4).
During the past two decades Germany has been experiencing a
steady decrease in construction activity, which, as predicted by the
model, will continue until about 2040. A roughly 40-years period
without need for new dwellings follows. The last two decades
of the century will be marked by a re-increase in construction
in order to compensate for those dwellings reaching the end of
their service life. The Czech construction activity in contrast will
steadily increase until around 2030 when a slight decrease will take
place.

Our model results correspond well with statistics of the his-
torical stock size and construction activity, with the exception of
construction activity in Czech Republic. The model validation and
uncertainties in the results are discussed in Section 4.4.

3.2. Energy demand

The scenarios’ results (see Figs. 5, 6 and 8) are compared with
three fictive energy reduction targets - 20% by 2020, and 50% and
80% by 2050 - with respect to the modelled 2010 levels. The target
to 2020 can be indirectly associated with the EU goal of 20% energy
efficiency by 2020 [4], and with the Czech target to reduce the
national final energy consumption by around 20% by 2020 [54]. The
2050 targets correspond roughly to the German goals of reducing
primary energy consumption in the country by 50% and in the build-
ings sector by 80% by 2050 with respect to 2008 levels [105]. While
Germany does not have related targets to 2020, Czech Republic does
not have them to 2050. The authors consider that energy results
after 2050 should be regarded as highly uncertain due to the long



F. Vdsquez et al. / Energy and Buildings 111 (2016) 37-55 43

Germany

Stock Size (million m?)

Construction (million m?)

—— Model Results

N
S
(1/\

Czech Republic

600

0
S o o o o o o
N S S S §§ S S
K & R & S o QS
7

0
o S Y o Y o
S S S S S $ S
N N N N DY ® »
QO Statistics

Fig. 4. Stock development (top) and modelled construction (bottom) by country. Results are compared with historic available values from diverse sources
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modelling time frame and the uncertainty that involves the predic-
tion of the technological development for buildings of all types and
cohorts, energy mix, population and lifestyle.

While the TRENDS scenario is sufficient for Germany to
achieve a 50% energy reduction by 2050, it would not allow
the Czech Republic to significantly reduce energy consumption
in the same period. In this scenario, cohorts from 1800 to 2014

DE CZ
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2050 ¢ @
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Fig.5. Delivered energy reductions in 2020 (empty shapes) and 2050 (filled shapes),
relative to 2010, by scenario and country (Germany in blue and Czech Republic in
red). Each scenario is represented by one half-axis of the target-like diagram, and
the concentric rings represent the energy reductions targets of 20% (yellow), 50%
(orange), and 80% (green). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

dominate energy use in Germany; while in the Czech Republic
new dwellings (cohorts after 2015) are as important as the exist-
ing ones (Fig. 7). For this reason, the implementation of NZEB
would allow the Czech Republic to closely converge to an energy
reduction of 50% by 2050, while these will not contribute to sig-
nificant additional energy savings in Germany. In contrast, the REN
scenario-renovation measures-generates additional energy reduc-
tions in both countries but these are significantly larger in Germany
where almost a 75% reduction is reached. Only a full deployment of
RENZEB policies allows the Czech Republic to achieve the 50% long-
term target (by 2050) and to almost accomplish the 20% short-term
target (by 2020). Germany accomplishes the short-term goal under
the REN and RENZEB scenarios and the 50% long-term goal under all
scenarios. However, even the ambitious policies involved in REN-
ZEB are not sufficient for reaching an 80% reduction by 2050 by any
of the countries.

Although the global results position Germany in a more
favourable situation than Czech Republic for the achievement of the
energy reduction targets, Germany still demands 2-3 times more
energy “per capita” and up to 2 times more energy “per square-
meter”, both in the short- and long-terms (Fig. 8). Only through
the REN scenario the German stock performs similarly to the Czech
in the long-term. Overall, Germany achieves larger relative reduc-
tions in total delivered energy across scenarios despite having a
more inefficient stock at all times. Alternatively, the Czech Republic
achieves larger relative per square-meter energy reductions in
most of the cases, but does not achieve its total delivered energy
goals (except the 50% in the RENZEB scenario). Germany always
attains larger per capita relative reductions than Czech Republic.

Results demonstrate that the NZEB-strategy is effective in
countries with high new construction rate like Czech Republic,
while the renovation-strategy is effective in countries with large
inefficient stocks. In addition, the NZEB-strategy is effective over
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long time period while renovation-strategy shows more immediate
effect, which is more relevant for short-term goals.

The identification of priority areas for energy saving requires
an understanding of the energy-demand contribution of individual
cohorts and dwelling types. Fig. 9 disaggregates this contribu-
tion for the period 2015-2050. The cumulative energy demand
in Germany from 2015 to 2050 is mainly driven by Single Family
Houses (SFH) and Multi-Family Houses (MFH) built between 1919
and 1994. The future energy demand in Czech Republic exhibits
a different pattern: it will be greatly pushed by Apartment Blocks
(AB) built between 1961 and today, and SFH built after 1994. SFH
will be particularly important in Czech Republic if increasing levels
of wealth lead to more individualistic lifestyles as observed in West-
ern countries. Fig. 9 also demonstrates how new construction is of
limited importance for the energy demand in the German dwelling
stock, but plays an important role for the total energy demand in
the Czech dwelling stock.

4. Discussion and conclusions
4.1. Country-wise differences in energy demand

Currently, Germany demands around 22 times more energy
than the Czech Republic, which can be explained by:

1. The fact that Germany has a stock 13 times larger than Czech
Republic (Fig. 4), described by a population and a floor area per
capita 7 and 1.9 times larger, respectively (Fig. 2).
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2. Overall, buildings - of similar type/cohorts — are more efficient in
Czech Republic than in Germany (Fig. 3). This results in a specific
energy demand per square meter 1.6 times larger in Germany in
2010 (bottom Fig. 8).

3. The Czech Republic has a much higher share of apartment blocks,
which are more energy efficient than the other types common in
Germany, especially SFH (see Type Split of Construction in Fig. 2).
A table with composition and the relative distribution by types
for the stock of both countries in 2010 is presented in Appendix
AG6.

In the long term this difference in total delivered energy demand
between both countries decreases. In the RENZEB scenario, in 2050,
Germany demands 13 times more energy with a stock 8 times larger
than the Czech.

Because goals are defined with respect to total energy demand
rather than with respect to an specific energy demand (i.e. per
capita and per square meter), Germany requires less efforts to
achieve the 50% goal than Czech Republic. Overall, Germany
will have some energy savings without doing anything, just
because the stock will be shrinking due to the decrease in pop-
ulation. Czech Republic, on the other hand, will have to reduce
the energy demand despite of the increase in population and
floor area per capita. Despite having a more inefficient stock,
Germany requires reductions of 48% or 43% in energy demand
per square meter and per capita, respectively (with respect to
2010), while the reductions required in Czech Republic are of 71%
or 50%.

50

Czech Republic CZ

Fig. 7. Energy demand in the TRENDS Scenario (TW h/year)—Cohorts 1800-2014 vs. Cohorts 2015-2100—Germany DE (left) and Czech Republic CZ (right).
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4.2. Policy

The results indicate that current policies are sufficient for both
countries to reach a 20% energy efficiency gain in the residential
buildings by 2020 but not to achieve the GHGs targets of an 80%
reduction by 2050 (the latter assuming no decarbonisation of the
delivered energy). The sectorial German energy reduction goal of
80% by 2050 is also unattainable with current building policies.
The Czech Republic has not set energy goals for 2050. The fore-
casted energy efficiency gains by means of current policies in 2050
(with respect to 2010) are 75% and 58% for Germany and Czech
Republic, respectively. The Global Energy Assessment (GEA) [112]
concluded in 2012 that a reduction of nearly 46% of the 2005's
global final heating and cooling energy use is possible by 2050
through the proliferation of today’s best practices; without sac-
rificing the increase in lifestyle standards and without interceding
in economic and population growth. Our model results agree with
GEA’s conclusion.

To reach the 2050 climate targets both countries need to take
additional measures, either by further reducing energy demand or
by decarbonizing the energy delivered.

The case studies demonstrated that the same building energy
policies result in very different long-term energy gains in differ-
ent countries. For example, new construction policies are highly
effective in the Czech Republic—36% additional energy gains with
respect to trends in 2050, while they have a very small effect in
Germany—2% additional energy gain. In turn, renovation policies
have a high impact in Germany—25% additional energy gain, but
are less crucial in the Czech Republic—15% additional energy gain.
The effectiveness of energy policies in the building sector is thus

highly dependent on the context of the building stock develop-
ment, in particular the composition of the existing stock, its growth
rate, and the lifetime of its buildings. European regulations require
the same ambitious measures for both, renovation and new con-
struction in all member states. This strategy ensures that energy
consumption will drop significantly in all countries, albeit in dif-
ferent degrees and at different costs. Region- or country-specific
priority setting could support the development of strategies for
reaching 2050 goals in different regions with lowered costs.

Dynamic TCT models can support the development of realistic
country-specific or region-specific targets and of adequate policies
to reach them. A TCT approach allows to identify (i) those parts
of the stock where renovation is to produce the largest energy
gains, and (ii) when to prioritize the construction of highly efficient
buildings.

4.3. Germany and Czech Republic: Closing remarks

In Germany, the largest energy gains are to be expected from
the deep renovation of the existing stock rather than from new
highly energy efficient buildings. To exploit this potential most
effectively, renovation activities must prioritize SFH and MFH built
between 1920 and 1990. Alternatively, NZEB may become increas-
ingly important if early demolition of old dwellings is promoted.
Then, NZEB should be prioritized in the SFH segment if current
housing preferences continue.

In contrast, the Czech residential stock is still in an early stage
of development. Thus, most effective policies for energy gains are
those addressing both old and new dwellings. Energy reductions
can be maximized by (i) prioritizing renovation of AB built between
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1960 and 1990 (post WWII and during the cusp of the commu-
nist era), and (ii) by prioritizing NZEB also in AB if current housing
preferences continue.

4.4. Uncertainties and limitations
Uncertainty and variability of energy results depend on energy

policies and stock development. Uncertainty exploration with
regards to energy policies is done via the four assessed scenarios

(each assuming different Energy Intensity of the Dwellings, £) where
inclusion of alternative policy scenarios remains a possibility. All
of these four scenarios assume the same stock development based
on the five remaining parameters (P, FApC, TS, t and o). Accord-
ingly, the uncertainty in the stock development variables (S, AS, I,
0 and 1) depends on the uncertainty of these parameters. Bergsdal
et al. [66] and Sandberg et al. [107], who used dynamic modelling
approaches similar to ours, concluded that the stock development
results are most sensitive to changes in population and dwellings’
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lifetime, rather than lifestyle-related parameters. Accordingly, we
discuss population and lifetime with some more detail in the fol-
lowing two subsections, while a more general discussion of the
remaining parameters and other general issues regarding uncer-
tainties is presented afterwards.

4.4.1. Population assumptions

Historical data on population is of low uncertainty as it is based
on good quality sources like national statistical offices and the UN
(United Nations). On the contrary, the future development of popu-
lation is of large uncertainty. The variability in the UN low and high
fertility scenarios with respect to the medium scenario, in 2050 and
2100, are in average of +12% and +49% for Germany, and of +12%
and +45% for Czech Republic [108]. These uncertainties could be
assigned to the forecasted stock size in the same periods as changes
in population affect the size in a 1:1 ratio. This high uncertainty
is particularly important in the German case where population
decline rather than FApC growth drives the stock development.
An increasing population situation in Germany could counteract
the forecasted decline and recession in construction. In general,
changes in migratory policies, fertility, and the economy can dras-
tically affect the future need for buildings.

4.4.2. Lifetime and renovation cycles

The mean lifetime affects the magnitude of construction and
demolition in time, which indirectly determines the composition
of the stock. Renovation cycles, as modelled here, affect the energy
intensity of the dwellings, whose uncertainty was addressed in
the form of scenarios. Five different lifetimes were tested in each
country during the process of model calibration (see Appendix A3).
While different lifetimes did not imply significant variations in the
construction trends of the past and present, the future presents a
different situation. In Germany, when using lifetimes between 100
and 200 years, variations of up to +100% and between 0 and 4.4 mil-
lion square-meters in construction were found in 2020 and 2050,
respectively. Czech Republic exhibits average variations of +£10%
in 2020 and of +20% in 2050 when using lifetimes between 80 and
160 years. While the uncertainty levels are larger in Germany, this is
mitigated by a good model calibration (Fig. 4). On the contrary, the
uncertainty levels in Czech Republic are very significant because it
is expected that mostly new dwellings drive energy demand after
mid-century (Fig. 7). Propagation of these uncertainty levels to the
energy results was not studied.

Lifetime of buildings and renovation cycles are still poorly
understood. While in each country all dwellings, regardless of the
type and cohort, were assumed to have the same lifetime and reno-
vation cycle, itis very likely that these vary across types and cohorts.
Such variations could partially explain the miscalibration in the
construction for Czech Republic. A halving in the renovation cycle
(or adoubling in renovation rates) as modelled in the REN and REN-
ZEB scenarios could be considered as highly unrealistic because of
the costly and non-mandatory nature of deep renovations. Some
authors [59,65,107,109,110] have already started addressing these
issues but the knowledge gap is still very wide.

4.4.3. Floor area per capita and type split of construction

FApC values of the past and present are to be regarded as highly
certain due to the availability of statistics (Fig. 2). While this is not
the case for the future, lower uncertainty levels are expected in
Germany than in Czech Republic because the former country has
started to show some signs of stabilisation in the service level as
previously discussed in Section 2.3.

Regarding the type split of construction, the assumption of a
constant split in the future construction activity involves a high
uncertainty. This assumption is particularly relevant in the case of
the Czech Republic where the housing stock is expected to grow

rapidly, and where raising income levels may shift people’s pre-
ferences from apartment blocks (particularly Panelaky from the
communist era) to single family houses.

The impact of assumptions in both parameters for energy
demand is more relevant in the TRENDS and REN scenarios where
different dwelling types perform differently throughout their life-
time and energy consumption is correlated to their size. For the
two other scenarios the future FApC and TS become irrelevant after
2020 because all new buildings, independently of their type and
size, are assumed to achieve a zero-energy performance level.

4.4.4. Demographics in Germany: Consequences for construction
activity and energy

While the overall population in Germany is declining, there are
large regional differences caused, among others, by the migration
from east to west. Deilmannetal.[111] predicted a reduction of 23%
in the eastern housing stock by 2050, and an increase of 6% between
2005 and 2020 in the western stock due to migratory phenomenon.
Deilmann et al. [111] also suggests that a process of stabilization
with increased percentage of vacancies will follow these predicted
changes in the regional stocks.

Our model does not capture these regional differences
and therefore likely underestimates vacancies and obsolescence
(mainly in east) as well as construction activity (mainly in west),
which results de facto in shorter lifetimes and a faster replacement
of the existing stock, and consequently, a faster reduction in oper-
ational energy use than forecasted. However, the model validation
(Fig.4)indicates that the impact of the regional disparity was minor.

4.4.5. Uncertainty in construction in Czech Republic and
consequences for energy demand

While the stock results for both countries and the construction
results for Germany agree well with historical values, the construc-
tion results for Czech Republic does not (bottom-right in Fig. 4). Our
model predicts a larger construction activity in recent decades than
the one reported in statistics for Czech Republic; therefore it gen-
erates a younger stock than the one we would expect from these
statistics. Consequently, and provided that the statistical data on
construction activity are correct, the modelled stock is likely more
energy efficient than in reality-newer buildings are more energy
efficient than old ones.

The sharp and rapid fluctuation in the statistics of the Czech
construction activity in the last 4 decades is not well understood.
According to the Czech Statistical Office there was a stock increase
of around 10 m2/cap between 1970 and 2011, equivalent to an 82%
increase in the service level in the same period. This growth cannot
be properly explained by such oscillating construction, particularly
when the population also grew during this period. We presume that
there are inconsistencies in the way the stock size and construction
activity were measured and reported.

There might be other factors not addressed by our model that
could explain the mismatch between modelled and observed con-
struction. These factors could be of economic (e.g. market prices,
economic conjectures/crises/booms), political (e.g. housing policies
during the communist era), or technical nature (e.g. differentiated
lifetime between different cohort groups and/or dwelling types).
Analysis of these is beyond the scope of this paper.

4.4.6. Differences between calculated delivered energy demand
and historic final energy

The energy use in 2010 reported by Eurostat [106] is in the case
of Germany 21% lower than the one calculated by our model, while
it is 80% higher in the case of the Czech Republic (Fig. 6). This
discrepancy between modelled and reported energy use may be
explained by the following factors:
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. While statistics report final energy use for all household pur-
poses, the model calculates theoretical delivered energy for
heating and hot water only. Lighting, appliances, and cooking,
which were excluded, consume in average 20% of the energy
in households in Europe [6]. This could explain around a fourth
of the gap in the case of Czech Republic, while it increases the
discrepancy in Germany.

. The theoretical delivered energy (calculated) is often higher than
the real delivered one (measured), for example due to unheated
rooms. Similarly, the relative difference between “calculated”
and “measured” is not constant as it differs across cohorts, build-
ing size and over time.

. The example buildings used in TABULA may not be representa-
tive for the corresponding type-cohort segments.

N

w

The size and composition of the dwelling stock may not be cap-
tured accurately for the year 2010. This can involve errors in the
reported information or errors for individual years due to the curve
fitting applied in the model calibration.
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Appendix A.
A.1. Model description

A complete list of the model’s parameters and variables is pre-
sented in Table A.1. The input-parameters and output-variables are
studied in the following three dimensions: j—Type of dwellings,
c—Cohorts, t—Time.

The developed stock-driven model is always constrained by the
need of keeping at all times an exact (and minimum) stock that
guarantees the provision of a desired or required service level. In
the current application, the service-level is defined by the floor area
per capita (FApC)—which represents the average living area per
person in a given year. Consequently, the total population (P) of a

year determines the total size of the stock (S) as follows:
St = P - FAPC, (A1)

The stock change (AS) of the year is the difference between the

stock of that year and the one of the preceding year:
ASt =St —St_1 (A2)

The total construction activity (I) of the year responds to the
net addition to stock (AS) and the replacement of the dwellings

demolished (0) during the year because they have reached the end
of their service life:

I = AS; + O; (A3)

If the stock decreased in the year of analysis (because of
shrinking population and/or shrinking service level), the new con-
struction would respond only to the replacement of the demolished
buildings if there were a need for it. In case that the negative stock
change were much larger than the demolition activity, there would
not be need for new construction. When this situation occurs the
model is constrained (see Eq. (A.4)) by setting construction equal to
zero and by redefining the stock change to only respond to demo-
lition. In this way a negative construction (I<0) is avoided.

If...AS; +O¢ < 0...thenl; =0...and...AS; = O (A4)

Similarly, the stock must be adjusted to account for the now
smaller stock change. This new stock is dealt by in a different vari-
able denominated real stock (S') (see Eq. (A.5)). The real stock is
always larger than the theoretically required stock (SasinEq. (A.1)),
which means that an excess or vacant stock is generated. Then, S is
to be regarded as “in-use stock” or “occupied stock” and S’ as “total
stock”. The vacant fraction of the stock is determined as in Eq. (A.6).

St=St-1—ASt =51 -0 (A5)

1- S[
Ap = A6
=5 (A6)

Whenever a zero-construction and vacant-stock situation
occurs, the stock change of the following year must be calculated
using the real stock (see Eq. (A.7)). This guarantees re-occupancy of
vacant buildings over construction of new dwellings.

A5t+1 =Se+1 — 5; (A7)

The construction of a specific type of dwelling in a given year
(the cohort year) is determined by share of the type in the total

construction of the year (TS):
Lie=1-TS;, (A8)

which is otherwise explained by the following relationships:

> TS =1
j
le=> I
j

The total demolition (O) of ayear (see Eq.(A.11))is the sum of the
demolition of all individual preceding type-cohort segments of the
stock. These individual demolitions (see Eq. (A.12)) are a function
of the size of each type-cohort segment at construction (as in Eq.
(A.8)) and the probability of being demolished (given its age). This

(A.9)

(A10)

Table A.1

Model parameters and variables.
Symbol Description Dimensions Unit Type
P Population t Cap Parameter
FApC Floor area per capita (living area) T m?/cap Parameter
TS Type split of construction (share of a dwelling type in the year’s new constructions) Jit m?/m? Parameter
T Expected average lifetime of dwellings - years Parameter
o Lifetime standard deviation - years Parameter
& Energy intensity of dwellings j.ct kW h/m?[year Parameter
S Stock of dwellings (minimum required = occupied) j.ct m? Variable
g Real stock of dwellings (total stock = occupied + vacant) j.ct m? Variable
AS Stock change jat m? Variable
I Inflow of new dwellings (new constructions) gt m? Variable
o Outflow of dwellings (demolitions) J.ct m? Variable
A Stock vacancy T m?/m? Variable
E Energy demand of the dwellings in use J.ct kW h/year Variable
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probability is modelled using the probability density function of a
normally distributed lifetime.

O = Zzoj,c.t
J c
1

Oivi=l =l . e=(t=0)-1)%/20?
j.c.t J.C f_},C,[ J,C U\/E

(A11)

(A12)

Because demolition s a function of time (age), the standing stock
of a specific type-cohort segment in a given year is determined by
the accumulated demolition until that year (see Eq. (A.13)). Cor-
respondingly, the total stock in a given year is the sum of the
individual type-cohort segments up to that year:

t
Sj,c,t = Ij,c - Zoj,c,[
t=c
St = Zzsj,c,t
j c

The stock given by Eq. (A.14) will always amount the total stock
(asin Eq. (A.5)) whenever there exist vacant dwellings in the stock.

The total energy demand of a year (see Eq. (A.15)) is the sum of
the energy demand of the individual type-cohort segments of the
occupied standing stock. Vacant dwellings are deducted from the
total energy demand by equally distributing the year’s vacancy (i)
between all type-cohort segments of the stock.

(A13)

(A14)

E = E E Sict ot (1=Ar) (A15)
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Fig.A2. Floor Area per Dwelling. Numbers follow the “Living Area” definition of each
country and are based on the total stock (occupied +vacant). Sources: [80,81,87].
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A.2. People per dwelling & floor area per dwelling

Figs. A1 and A2 show people per dwelling and floor area per
dwelling historic numbers in Germany and Czech Republic. These
were used as supporting information when defining the floor area
per capita stabilisation level.
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A.3. Construction results validation with different lifetimes results of best fit (validation) to statistical values. Discrepancies

in the fit for Czech Republic are discussed in the main paper.

The model was calibrated to operate with an average lifetime The resulting construction when using other lifetimes is shown

of 150 and 100 years for German and Czech dwellings, respec- in Figs. A3 and A4 for Germany and Czech Republic, respec-
tively. These lifetimes were found to generate the construction tively.
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Fig. A7. Forecasted trendline for energy gains at usual refurbishment by cohort. Learning curve derived from values on calculated energy gains from the Existing State energy
performance level to the Usual Refurbishment level. The numbers excluded from the calculation are calculated energy gains from TABULA values that are excluded to improve
the fitting (R?) of the trendline. The trendline equations and R? presented in the grey boxes are derived from Excel using exponential trend/regression.

AA4. Indirect modelling of renovation

Fig. A5 exemplifies the use of the different energy-intensity
performance levels reported in TABULA [26] for indirect
modelling of renovation. Each level set the average energy

intensity of each type-cohort-group combination at a different
point in time (according to each scenario). Linear transition
from one average-energy-performance-level to another was
assumed as an indirect way to represent renovation (see
Fig. A5).
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Fig. A8. Forecasted trendline for energy gains at advanced refurbishment by cohort. Learning curve derived from values on calculated energy gains from the Existing State
energy performance level to the Advanced Refurbishment level. The trendline equations and R? presented in the grey boxes are derived from Excel using exponential
trend/regression.

A.5. Learning curves for future cohorts in TRENDS scenario exponential fit to historical values, and were calculated in Excel. The
different energy-intensity values of each cohort group were used as

Three technology learning curves were derived for each historical values. Each cohort group value was assumed to belong
dwelling type in each country in order to define the energy inten- to the year of the last cohort of the cohort group. The first curve (see
sity in each energy performance level of the future cohorts in Fig. A6) defines the energy intensity at year of construction of the
the TRENDS scenario. These learning curves are trendlines with new cohorts. The two other set the cohort-dependent energy gains
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Table A.2
Stock composition and distribution by types in Germany and Czech Republicin 2010.

Type Germany Czech Republic

Area (m?) % Area (m?) %
SFH 1.44E+09 42 6.97E+07 29
TH 6.36E+08 18 1.66E+07 7
MFH 1.13E+09 32 3.55E+07 15
AB 2.69E+08 8 1.22E+08 50
Total 3.47E+09 100 2.44E+08 100

at usual and advanced refurbishment levels. The gains trendlines
are based on calculated energy gains from the different type-
cohort-groups’ energy performance levels in TABULA. Trendlines
for usual refurbishment gains (Fig. A7) and advanced refurbishment
gains (Fig. A8) were built on the premise that it is always true that
lower relative energy gains are achieved in a newer cohort when
compared to an older cohort when subjected to same equivalent
refurbishments (in terms of usual or advanced as in TABULA). The
drawback of this assumption is that we are always constraining
the possibility of modelling energy-plus dwellings (energy self-
sufficient dwellings-NZEB—that in addition deliver energy to the
grid) by means of TRENDS.

A.6. Stock composition and distribution by types in 2010

Table A.2. presents the modelling results for the stock com-
position by type of dwelling for Germany and Czech Republic in
2010.
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Housing in developing countries is often inadequate due to overcrowding, lack of suitable shelter, lack
of sanitation and exposure to natural hazards. The United Nations classifies these conditions into two
types of deficit: quantitative and qualitative. Strategies for eliminating housing deficits need to consider
the dynamics of the total dwelling stock in order to balance this objective with other goals, such as
employment in the construction sector, costs, and environmental impacts. Existing dwelling stock models
were developed mainly for developed countries and are not suitable to address housing deficits. Here
we use a case study for Colombia’s housing stock to propose a dynamic stock model that incorporates
deficit. We analyze the evolution of the stock under twelve scenarios combining three projections for
household growth and four trajectories for eliminating deficit. The model is calibrated using census data,
UN population projections, and own appraisals of household size, based on historical trends. Our results
show that closing all deficits by 2030 would require upgrading 2.8 to 3.3 million existing dwellings and
building 3.6 to 6.3 million new dwellings, depending on demographics. This represents an increase of
97-155% in construction activity. Conversely, if deficit stays at the current 31% level, 5.1 to 7.9 million

households would be in deficit by 2030.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction
1.1. Housing deficit in the developing world and Colombia

Most developing countries exhibit higher rates of population
growth than developed countries, and have experienced rapid
urbanization (Cohen, 2004 ). In many parts of the world, this growth
has been decoupled from economic growth (Cohen, 2004) which
has resulted on growing informal settlements, and large numbers
of households with unsatisfied housing needs (UN-Habitat, 2003).

In 2012 UN-Habitat (2012a) estimated that 863 million people
lived in slums; corresponding to 32.7% of the urban population in
developing regions. The largest shares of slum population appear
in Sub-Saharan Africa (65%), Southern Asia (45%), South Eastern
Asia (39%), and Eastern Asia (37.4%), followed by Latin American
and the Caribbean (29%) (Statista, 2016; UN-Habitat, 2012a; UNSD,
2015). For the latter region, the Inter-American Development Bank
estimated that 37% of households in 2009 had unsatisfied housing
needs (Bouillon et al., 2012b). Low household income, labor infor-
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mality, high interest rates, and high cost of land and materials are
some of the barriers that prevent access to formal housing (Bouillon
et al,, 2012a) and explain the prevalence of inadequate housing in
developing countries.

Colombia is a case representative of the housing conditions
observed in other developing nations. First, fast urbanization, sus-
tained population and economic growth, and high inequality (Ortiz
and Cummins, 2011; World Bank, 2016) have created housing
needs that are inappropriately satisfied because there are consid-
erable access barriers, particularly to land and financing (Bouillon
et al., 2012b). Second, ownership is preferred over renting because
investing in housing is perceived as a way to save and create family
wealth (Gilbert, 2001). Nonetheless, income inequality in Colombia
is among the highest in Latin America and the world (World Bank,
2016), and most of the population has no access to housing credit
(Murcia Pabén, 2007). Housing policies that promote financing
rules and increase access to credit through demand subsidies and
interest rate subsidies (Fique Pinto, 2008), have limited impact
because 47% of labor is informal (Dane, 2016).

Like many developing nations, Colombia has had a long-term
historical mismatch between demographic growth and housing
availability. Colombia is the third most populated country in South
America with an estimated population of 48,2 million by 2015
(United Nations, 2015). Between 1950 and 2005 the Colombian
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population increased twofold, at declining growth rates. Following
atrend observed in developed and other Latin American countries,
household size decreased from 5.8 to 3.9 persons per household
between 1950 and 2005 (United Nations, 1974; DANE, 2005). While
population growth and household size decline caused total house-
holds in 2005 to increase by a 3.7 factor with respect to 1950,
the dwelling stock growth lagged behind, increasing unsatisfied
housing needs (DANE, 2005).

For policy and accounting purposes, unsatisfied housing needs
are referred to and measured as “housing deficit”. Housing deficit
is measured as number of households. Households are defined as
arrangements of one or more persons who “make common provi-
sion for food or other essentials for living” (United Nations, 2014).
Qualitative deficit accounts for dwellings with deficient condi-
tions (materials, space, and basic services) that can be improved,
and quantitative deficit refers to dwellings with non-remediable
overcrowding and structural deficiencies (DANE, 2008). As these
definitions are ambiguous and deficit measures rely on normative
assessments of quality and overcrowding, deficit estimations are
subject to high uncertainty (Monkkonen, 2013). Colombia’s lat-
est census in 2005 reported housing deficit at 36% expressed as
12% quantitative and 24% qualitative (DANE, 2005). Although hous-
ing deficit decreased 1.5 points per year between 1993 and 2005,
during the same period, the number of households with deficits
remained practically unchanged, with a 0.34% decrease (CENAC,
n.d.). These figures show that housing policies in Colombia have
failed at attending population with housing deficits.

Housing policies in Colombia have followed a similar path as
those in other Latin American countries (Bouillon et al., 2012b;
Murray and Clapham, 2015), evolving from financial mechanisms
created in the 1950s to interest rate subsidies and cash transfers
1950-date. Historically, these policies have especially increased
housing provision for middle-income households (Gilbert, 2014),
but have failed to cover households below the national poverty
line, which account for 78% of housing deficit (ONU-Habitat, 2012).
In 2012 a radically different policy of building 100 thousand free
dwellings for poor households was adopted (Congreso de Colombia,
2012).

1.2. Modelling dwelling stock dynamics and housing needs

Understanding the state, composition and dynamics of dwelling
stocks is necessary to evaluate the impact that strategies for closing
deficits have on construction materials consumption and demoli-
tion waste management, among other factors. The importance of
dwelling stock dynamics has been extensively discussed in the lit-
erature in the light of: (i) socioeconomic and quality of life concerns,
(ii) climate change and energy use, (iii) material use and resource
efficiency, and (iv) construction, demolition, renovation and land
use planning (Kohler and Hassler, 2002; Lucon et al., 2014; ONU-
Habitat, 2015; Schiller, 2007; Seto et al., 2014; UN-Habitat, 2012b,
2003; Urge-Vorsatz et al., 2012).

Correspondingly, a variety of approaches has been proposed and
used for building stocks’ research as reviewed by Swan and Ugur-
sal (Swan and Ugursal, 2009) and Kavgic et al. (2010). Vasquez
et al. (2016) also presented a detailed review of studies on the
topic, and found that most comprehensive studies for the investi-
gation of the building stocks’ long-term dynamics and externalities
employ a stock-driven approach. Stock-driven models, common in
the Material Flow Analysis (MFA) field, have supported the study
of construction, demolition, renovation, and material and energy
use in developed and developing countries (Bergsdal et al., 2007;
Gallardo et al., 2014; Hu et al., 2010a, 2010b, 2010c; Miiller, 2006;
Pauliuk et al., 2013; Sandberg et al., 2011, 2014a, 2014b; Sandberg
and Brattebg, 2012; Sartori et al., 2009, 2008; Vasquez et al., 2016).

Developed and developing countries have similar problems
with planning and resources use, which justifies the use of the same
modeling approaches. However, the economic and social condi-
tions of developing countries pose unique challenges for modeling
building stocks. In particular, current MFA models are not designed
for addressing issues related to large and growing populations
living in substandard dwellings. Only four studies that use stock-
driven models for developing countries were found: three cases on
China (Hu et al., 2010a,b; Huang et al., 2013), one that differen-
tiates urban and rural dynamics and two that focus on materials;
and a fourth case on Chile (Gallardo et al., 2014) that incorporates
earthquake vulnerability and damage.

MFA models that represent the conditions of developing coun-
tries can contribute to the formulation and evaluation of housing
policies that address problems particular to these countries. In this
paper we develop a stock driven model that estimates the con-
struction and renovation activity needed to close quantitative and
qualitative deficits under different socio-demographic scenarios
and at different time horizons. This is a first step for estimating
the materials and resources needed to satisfy future housing needs
in developing countries with housing deficiencies. We apply the
model to the case of Colombia, which is representative of upper-
middle income developing countries.

2. Method
2.1. System definition

Fig. 1 describes the system and depicts the stocks and flows of
households and dwellings. Both stocks are differentiated by three
types of housing deficit conditions: No Deficit (ND), Qualitative
Deficit (QL), and Quantitative Deficit (QN), according to the UN
definitions (ONU-Habitat, 2015).

Two kinds of household flows are distinguished. First, inflows or
outflows to the stock, driven by sociodemographic growth, which
are internalized in the stock change of each type. And second, inter-
nal flows between types. The latter are two unidirectional flows
from qualitative (QL) and quantitative (QN) to no (ND) deficit. The
system is defined for the evaluation of policies that aim at closing
the deficit gap, thus deterioration of household conditions is not
studied.

Three kinds of dwelling flows are studied: constructions, demo-
litions, and upgrades. Constructions and demolitions represent
inflows and outflows to and from the stock, respectively. Demo-
litions include those dwellings reaching the end of their service
life plus the vacant dwellings with non-remediable deficiencies
(QN), which are assumed to be always demolished because they
are (i) inadequate for housing and (ii) built with flimsy materials.
Upgrades is a unidirectional flow that only applies to qualitative-
deficit (QL) dwellings entering the no deficit (ND) stock. This change
of type implies refurbishment or remodeling of the dwellings.

2.2. Model description

A dynamic type-cohort-time model was developed for this study.
It combines the stock-driven and the activity-driven approaches
in standard MFA methods, and it makes use of a discrete
difference-equations system. It builds on the modeling principles
for residential building stocks introduced by Miiller (2006) and dis-
cussed and extended by Vasquez et al. (2016). A 251-year time
frame (1850-2100)is defined to allow for the accumulation of grad-
ual changes in dwelling stock size and distributions of type and age.
These changes are caused by slow changes in demographics and
lifestyle, and by the long lifetime of buildings. By modeling a stock
with a closer resemblance with reality, we enhance the applicabil-
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Fig. 1. System and model definition. Variables: S — Stock, AS — Stock Change, H.D_ND — Flow of Households to No Deficit, DW_C — Constructions, DW_D — Demolitions,
DW_QL.ND — Upgrades. Dimensions: j — type, ¢ — cohort, t — time. Lifetime’s Mean (7) and Standard Deviation (o).

ity of the model to answer long-term sustainability and other policy
questions. The last year, 2100, corresponds to the most commonly
used in the current climate change discourse (Intergovernmental
Panel on Climate Change, 2014) and dynamic MFA applications and
studies. The model has a Household Module and a Dwelling Mod-
ule. A detailed model description is presented in Supplementary
information S1.

The Household Module is a stock-driven model that tracks flows
of households through all deficit types. The stock dynamics are
driven by three exogenous socioeconomic variables: Population
(P), Persons per Household (PpH), and Household Deficit Distri-
bution (HHDD). Four output variables are generated for the three
deficit types (j) over time (t): Stock of Households (H), Households
Stock Change (AH), Households Demographic Change (AH_dem),
and Flow of Households from Qualitative and Qualitative Deficits
to No Deficit (H.D_ND).

The stock (H) is defined by the population (P) and the average
persons per household (PpH). Its composition is regulated by the
household deficit distribution (HHDD) as follows:

"~ PpH;

Hj, -HHDD; (1)

The stock change of each type (see Egs. (2) and (3)) is defined
by (i) its internal demographic change and (ii) the flows between
types. The latter flows correspond to the inflows to ND from QL and

QN as in the rightmost term in Eq. (2); or conversely to the outflows
from QL and QN towards ND as in the rightmost term in Eq. (3).

AHj_np. = AH.demj_yp+ Y H.DNDj, 2)
Jlaz,avy
AHJ\(QL,QN),[ = AH,demj,t - HﬂNDj.t (3)

The households’ demographic change represents the increase
(formation of new households) or decrease (dissolution of exist-
ing households) in the total number of households. This change is
assumed to occur across all household types, and proportionally to
the type distribution of the previous year (see Eq. (4)).

AH_dem;, = AH;-HHDDj,;_4 (4)

The flows of households from QL and QN to ND (rightmost term
in Eq. (3)) result from balancing their corresponding stock change
and demographic change so the household deficit distribution of
the year is achieved.

The Dwelling Module is a dynamic stock-and-activity-driven
model that tracks flows of dwellings through all type-cohort frac-
tions of the dwelling stock. The stock dynamics are driven by three
parameters and two endogenous variables. The parameters are:
Households per Dwelling (HHPD), Mean Lifetime of Dwellings (),
and Lifetime Standard Deviation (o). HHPD is representative of
socioeconomic conditions while t and o are representative of the
buildings’ technology and management, and other external factors.
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The endogenous variables are: Household Stock (H), and Flow of
Households from Qualitative and Qualitative Deficit to No Deficit
(H_D_ND), from the household module.

Nine output variables are generated: Stock of Dwellings (DW),
Dwellings Stock Change (ADW), Constructions (DW_C), Construc-
tions in No Deficit for Households from Quantitative Deficit
(DW_C_ND_QN), Upgrades of Dwellings from Qualitative Deficit to
No Deficit (DW_QL_ND), Total Demolitions (DW_D), Demolitions
Due to End-Of-Service-Life (DW_D_age), Planned Demolitions of
Vacant/Excess Dwellings from Quantitative Deficit (DW_D_QN), and
Vacant Dwellings (DW_V). Dwelling variables are studied in three
dimensions: by Type of Deficit (j), by Cohort (c), and in Time (t) on
a yearly basis. Each cohort corresponds to one specific year.

The stock of dwellings (DW) is defined by the households (H) and
the average number of households per dwelling (HHPD) for each
type of household (see Eq. (5)). The stock change of each dwelling
type is explained by the balance of the (i) demolition, (ii) upgrading,
and (iii) construction flows, as expressed in Egs. (6), (7) and (8) for
ND, QL and QN respectively.

H.
DW; = ZDWN — lj,t
j

_ HHPD; ,
ADWj_np.; = DW Cj_np ¢ + DW QL ND; — DW D_age;_np ¢ (6)

(5)

J

ADWij_qy.c = DW _Gi—gr.; — DW_QLND; — DW_D_agej_qy. (7)
ADWj_qy ; = DW _Cj_gn.c — DW_D_age;_qy  — DW _D_QN; (8)

Two kinds of demolition flows are considered: (i) end-of-
service-life (EOL), and (ii) planned demolition. The EOL demolitions
of a type-cohort segment responds to (i) the number of constructed
dwellings in the segment, and (ii) their probability of being demol-
ished given their age (see Eq. (9)). This probability is modelled by
using the probability density function of a normally-distributed
lifetime.

DW D agej ., = DW G- L (t-cy-17/202 (9)
(o2

2w

Planned demolitions, which are only considered for QN
dwellings, equal the totality of vacant QN dwellings at the end of the
year. Again, vacant dwellings represent a surplus that occurs when
the standing dwellings exceed the residential needs, resulting in no
need for construction.

Upgrading only applies to QL dwellings. The amount of
dwellings to upgrade (see Eq. (10)) is driven by the number of
households that flow from QL to ND. The latter are assumed to pre-
serve the households-per-dwelling ratio of the previous year when
changing type.

HDNDj_q;

DW_QLND; = m

(10)
Construction per type of dwellings is calculated according to
Egs. (6), (7), and (8), so the stock change of each type is achieved
once demolitions and upgrades have occurred.
Lastly, we quantify the number of ND dwellings resulting from
the households moving from QN to ND — for policy analysis pur-
poses — as follows:

H.D_NDj_qu s

DW_C_ND_QN; = HAPD: _yp,
j=ND,t

(11)

3. Data and scenarios

To capture uncertainty in model’s inputs, we define twelve
scenarios by combining three households (H) series and four alter-
native paths for closing deficits (HHDD).

3.1. Household series: population and persons per household

3.1.1. Household series

Households High, Medium and Low in Table 1, are derived from
selected combinations of population (P) and persons per household
(PpH) projections (see Fig. 2), which are based on historical data and
estimates from the Colombian Department of Statistics (DANE) and
the UN (DANE, 2005; United Nations, 2015, 1980, 1974).

Data for household size are inconsistently reported, as indicated
by series ‘Data’ in Fig. 2 (right). According to census data, during the
20th century, the average household size in Colombia decreased
from 5.8 in 1964 to 3.9 in 2005. However, there are no available
statistics prior 1950. Thus, a complete synthetic “Historical” series
(1850-2005) was obtained by regressing the data at hand which
was complemented with an appraisal for the household size in 1850
(see Fig. 2, right). The 1850’s estimate was derived by averaging a
sample of U.S. and European values from a variety of sources for
years between 1787 and 1881 to better reflect the living conditions
of the time. We avoid the extrapolation of the 1950-2005 trends
towards 1850 because social and economic conditions in the second
half of the 20th century are too different from the conditions in the
second half of the 19th century.

There are no census data for average household size in Colombia
after 2005, yet we expect that the observed general trend of
declining household size continues until 2100, when it begins
to stabilize. However, because the household size depends on
uncertain social and economic factors, three plausible scenarios
(PPH_HIGH, PPH_MED, and PPH_LOW in Fig. 2) were defined to deal
with this uncertainty. These projections assume a logistic-shaped
tendency towards stabilization as observed in developed countries,
and only differ in the rate of household size decline and the house-
hold size value reached by 2100 (2.85, 2.51, and 2.09 persons per
household).

The PPH_MED forecast assumes that convergence towards
nuclear households starts in 1985, taking approximately 100 years
to reach a 2.5 household size as in Bradbury et al. (2014). The
PPH_LOW series represents a scenario in which faster economic
behavior and social changes lead household size to reach a value of
2.17 persons per household by 2085, and of 2.09 by 2100. This fig-
ure is a conservative assessment, considering that household sizes
in Europe decreased, on average, 0.021 per year between 1960 and
1980 (Keilman, 1987), and that countries like Denmark reached a
2.1 household size by 2013 (Denmark, 2013). Finally, the PHP_HIGH
series assumes that household size decreases at a low rate, reach-
ing a value of 2.93 by 2050, of 2.85 by 2085, and of 2.8 persons per
household by 2150.

Variations in the persons per household (PpH) projections may
seem small, in absolute terms, with respect to those in the popula-
tion (P) projections. Yet, on a yearly basis, the number of households
is equally sensitive to same relative changes in PpH or P. Differently,
in the long term, because P projections vary more than PpH projec-
tions (see Fig. 2), most of the differences in household scenarios can
be attributed to population growth. A complete sensitivity analysis
is provided in the Supplementary information S5.

3.2. Alternative paths for closing housing deficits

Housing conditions in Colombia are assessed by the department
of statistics using data from censuses and surveys and following
the methodology described in DANE (2008). We used these assess-
ments in combination with those from UN-Habitat (United Nations,
1980, 1974) to fita logistic regression for the historical values of the
quantitative (QN) and no deficit (ND) categories according to the
current definition on deficit types (ONU-Habitat, 2015), which are
reported as percentage of total households. Since deficit categories
do not overlap (DANE, 2008), qualitative deficit (QL) was calculated
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Table 1
Household series: selected combinations of population and persons per household projections.
Household series name Population projection Persons per household projection Description
Households High Upper_95_PI PPH_LOW High population growth, high number of households
Households Medium Median_PI PPH_MED Median population growth, medium number of households
Households Low Lower_95_PI PPH_HIGH Low population growth, low number of households
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Fig. 2. Population (left) and persons per household (right) series, 1850-2100. Data from United Nations (2015, 1980, 1974) and DANE (2005).

Table 2
Alternative paths for housing deficit distribution.

Path description and assumptions

Housing deficit distribution (HHDD)

APO:
Constant deficit. Deficit distribution stays at
present percentage levels.

APl
1. Households without deficit increase
at a 0.005 annual rate.
II.  Quantitative deficit is alleviated first
(flows from QN to ND).
1. Quantitative deficit is 0% in 2045.
IV.  Flows from QL to ND start when
QN =0.
V.  Qualitative deficit is 0% in 2090.
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ata 0.015 annual rate
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as the remaining percentage (adding up to 100%). The resulting his-
toric deficit distribution for the time 1850-2015 is presented in the
figures in Table 2. The regression results for the latter estimates are
presented in the Supplementary information S2-Fig. S2.1.

We define three alternative deficit distribution paths: AP1, AP2,
and AP3. These paths represent the effect of possible policies for
closing housing deficits at different target years, which indirectly
drives the deficit-reduction rates. For comparison, we defined
an additional path (APO) in which deficit distribution remains at
present levels. See Table 2 for a detailed description of the alterna-
tive paths — AP.

All deficit paths assume that housing policies address quantita-
tive deficit first and are followed by measures to tackle qualitative
deficit. Furthermore, we assume that these policies are sustained
over time in such a way that new housing needs are always met. Our
model has no economic inputs, but economic growth is implicit in
the rates at which deficits are closed. In this sense, paths AP2 and
AP3 assume faster economic growth than AP1, while APO repre-
sents a scenario in which economic growth is enough to prevent
housing deficit to grow.

The alternative paths are proposed to evaluate the construction
activity needed to close housing deficits in a given year, and do not
intend to represent actual housing policies. Instead, these paths
provide inputs for defining and benchmarking housing policies.

3.3. Data in the dwelling module

Dwelling stocks are derived from household stocks using the
parameter “households per dwelling” as the main input. We use
the data reported by DANE on average number of households per
dwelling for the whole country (see Table 3) to fit a quadratic model
(see Supplementary information S3), and estimate past and project
future national average number of households per dwelling.

To estimate the occupation of dwellings with overcrowding
(quantitative deficit), we assume that dwellings with no deficit
and qualitative deficit are occupied by a single household (no
overcrowding), and calculate the corresponding occupation of
dwellings with quantitative deficit following Eq. (12).

Hj:QN,t 'HHPDNan'Dnal,t

HHPD,_ =
j=QN, t
“[ — HHI DNaticnaI,t . (‘ ij:ND,t “j:QL,t)

(12)

Finally, we use a normal probability distribution N(100, 25) to
model the expected lifetime of dwellings, similar to (Vasquez et al.,
2016).

4. Results
4.1. Households dynamics

The number of households estimated for 2016 is approximately
14.2 million but future numbers vary across the High, Medium and
Low household scenarios, and this variation increases with time
(see top heading-row in Fig. 3). Households estimates for 2030 lie
between 15.8 and 19.2 million whereas for 2100 the number of
households ranges between 8.5 and 32.4 million.

Between 2016 and 2100 the number of households increases by
128% in the high scenario and by 27% in the medium one. In the
same period, the number of households decreases by 40% in the
low scenario. As Fig. 2 shows, population projections vary more
than projected household size. Therefore, most of the differences in
household scenarios are due to population growth (see sensitivity
analysis in the Supplementary information S5).

In the Households High scenario the households stock grows
continuously from 2016 to 2100, mainly because the average num-
ber of persons per household decreases (see Fig. S5.1). Contrary,

in the Households Medium and Low scenarios households’ stock
shrinks because the decrease in household size is not enough to
offset the population declines observed after 2040 and 2050.

Fig. 3 also shows that households with no deficit compose the
majority of the stock under all deficit assumptions. Nevertheless,
the magnitude and duration of this dominance varies greatly across
scenarios and the numbers of households in deficit conditions
remain significant in most of them, as illustrated in detail in Fig.
S4.1 of Supplementary information S4.

The number of households with unsatisfied needs is larger with
high population/small household size (Households High) than with
low population/large household size (Households Low) because
deficit depends directly on the expected number of households.

Under the path with constant deficit distribution (APO), the
number of households in deficit in the Households High scenario
increases continuously from 4.5 million in 2016 to 6.1 million in
2030, to 7.9 million in 2050, and to 10.2 million in 2100. These
figures are much higher than in the Households Low scenario in
which the number of households in deficit increases to 5 million
in 2030 and to 5.1 in 2050, and then falls to 2.7 million in 2100.
In both Low and Medium scenarios the number of households in
deficit increases until 2050, then it declines as a result of lower
demographic pressure. This decline is very sharp in the Low sce-
nario, where it causes a 48% reduction in number of households in
deficit between 2050 and 2100.

By 2030, in the APO scenarios, there are between 16 and 33%
more households in deficit than in 2016. By 2050 the deficit is
between 18 and 73% higher than in 2016, and by 2100 between
48% lower and 29% higher than in 2016.

Demographic changes, reflected in population and household
size, affect both the scope and results of housing policies. Ceteris
paribus, housing policies need to target more households when
household number are higher to stay on the same deficit path. Sim-
ilarly, as Fig. 4 illustrates, fewer households need to be covered by
policies when deficits are closed by 2030 (AP3) than by 2090 (AP1).

While between 2016 and 2030 most of the changes in house-
holds’ deficit status result from the deficit path assumptions (see
Fig. 4), after 2050 most of the deficit change in the Low scenario is
explained by demographics. However, as Fig. 3 illustrates, housing
deficits are not closed unless measures are adopted.

4.2. Dwelling stock dynamics

The long-term development of the dwelling stock is similar to
the household stock development. The household stock shrinks
after 2050 in all but in the Households High scenarios (see Fig. 5a
and Fig. S4.2). This shrinking results in declining construction and
increasing demolition rates. The total number of dwellings ranges
between 15.2 and 25 million in 2050 and between 8.6 and 32.4 mil-
lion in 2100. Consistent with household dynamics, the number of
dwellings grows faster in the High scenarios than in the Low and
Medium ones. In the latter scenarios, the stock of dwellings peaks
in 2050 and subsequently declines until 2100.

Since household stocks are influenced by uncertain demo-
graphic and social changes, we look at the stock of dwellings in
order to gain insight into the implications for housing policies.

As expected, deficit path APO, which maintains the current
deficit distribution, exhibits the largest number of deficit dwellings
and it provides an upper bound for analysis. Fig. 5b (blue series)
shows that, by 2030, between 1 and 1.2 millions of dwellings are
overcrowded and/or unsafely built (QN), while the total number
of dwellings without minimum services (QL) is between 3 and 3.6
million. Analogously, by 2050 the stock of QN and QL dwellings is
between 1 and 1.6 million and between 3 and 4.7 million, respec-
tively.
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Table 3
Housing deficit and dwelling occupation statistics.
Housing deficit Average households per dwelling Households per dwelling, quantitative Sources
HHPD deficit HHPD_QN
Year No deficit ND Quantitative QN Qualitative QL
1951 23% 34% 43% 1.10 1.29 a
1964 31% 30% 39% 145 2.49 a
1973 42% 25% 33% 117 1.69 a
1985 57% 19% 24% a
1991 63% 15% 22% b
1993 69% 14% 17% 1.03 1.24 a
1995 66% 15% 19% b
1996 67% 16% 17% b
2005 64% 12% 24% 1.14 2.14 a
aSource DANE.
bSource UN-Habitat.
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Fig. 3. Household stock by type (green: ND, blue: QL, orange: QN), 2000-2100. Results for the twelve scenarios: combinations of three household series (Households High,
Medium and Low defined in Table 1) and four alternative deficit distribution paths (APO, AP1, AP2 and AP3).

When comparing other alternative deficit paths, AP3, which
closes quantitative deficits by 2020 and qualitative deficits by
2030, exhibits more pronounced changes in stock composition.
Conversely, deficit path AP1 effects slower changes in stock com-
position (see Fig. 5b and Fig. S4.2).

The results for the constant-deficit path (APO) imply that,
besides adequate (ND) dwellings, during the period 2016-2100,
between 1 and 4 million dwellings inappropriate for living (QN)
and between 0.9 and 5.4 millions of dwellings without minimum

services (QL) are built (see Fig. 6). Inadequate dwellings are built
because social and economic conditions do not improve in APO,
which limits access to non-deficient but costlier dwellings.
Depending on the households and deficit path assumptions, the
total 2016-2100 number of new adequate dwellings and renovated
dwellings required to close housing gaps lies between 3.6 and 7.4
million. Additionally, between 3.1 and 27.2 million new dwellings
are needed in the same period in order to meet increased housing
needs of the “no deficit” population, and/or to replace demolished
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ND dwellings that reached the end of their useful life. The large
variability in the last results mainly obeys the differences in the
households forecast (see Fig. 6).

Table 4 summarizes the cumulative 2016-2100 construc-
tion activities needed to close housing deficits. The construction
required to sustain the needs of the ND households is excluded
from the table. To eliminate housing deficits by 2030 the AP3 path
requires building between 0.79 and 0.85 million new dwellings
and upgrading between 2.8 and 3.28 dwellings. By contrast, closing
housing deficits by 2090 (AP1) requires to build between 1.72 and
2.13 million dwellings and upgrading between 2.2 and 5.21 million
existing dwellings. Yet, to maintain the ND stock after 2030, the
construction activity of ND dwellings is higher in AP3 than in AP2
and AP1.

Achieving deficitreduction goals implies a significant increase in
construction activity of adequate (ND) dwellings. As Table 5 shows,
between 23 thousand (AP3) and 62 thousand (AP1) new dwellings
per year need to be built in order to close quantitative housing gaps
by 2050. These figures are a considerable increase over the average
of 140 thousand total new dwellings built per year reported by the
Colombian Builders Association (Camacol, 2010).

Unlike construction dynamics, whose pattern and magnitude
vary across dwelling types, deficit paths and households’ pro-
jections (see Fig. 6), demolitions show a similar behavior in all
scenarios (see Fig. 7). This is reflected in the forecasted cumulative

demolition for the period 2016-2100 which ranges between 8.9
and 10.2 million dwelling across scenarios, with demolition rates
expected to increase from 27 thousand dwellings per year in 2016
to 230 thousand dwellings per year in 2100 (11.7% growth).

The dominant demolition trend, as Fig. 7 shows, is of continuous
growth in activity during the rest of the 21 st century, with a growth
rate that is more pronounced after 2050, and that tends to slow
down towards 2100. This demolition pattern is a delayed outflow of
past construction activity, particularly of the expansion in dwelling
stock observed after 1950 when population increased rapidly and
household size began to decrease.

The only effect of closing housing deficits on demolition activity
is a temporary increase in the planned demolition of vacant inad-
equate dwellings (QN), which lasts until the quantitative deficit is
closed. Then, as observed in Fig. 7, planned demolition takes place
between 2016 and the years 2020, 2030 and 2045 for AP3, AP2 and
AP1 respectively. The resulting average cumulative planned demo-
litions (as in the Household Medium scenarios) is approximately
577 thousand, 668 thousand and 711 thousand dwellings for AP1,
AP2 and AP3 respectively. Planned demolitions vary between 6 and
96 thousand dwellings per year across scenarios (see Fig. 7). Demo-
graphic decline, instead of flows of households from quantitative
deficit to no deficit, are the cause of vacancies in APO-Households
low scenario.
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Fig.6. Constructions and upgrades by type of dwellings, number of dwellings 2000-2100. Results for the twelve scenarios: combinations of three household series (Households
High, Medium and Low) and four alternative deficit distribution paths (APO, AP1, AP2 and AP3). The series “ND Const for QN-HH” represents the fraction of ND dwellings
constructed for closing the Quantitative Deficit QN.

Table 4

Building activity required to close deficits: total dwellings built and upgraded between 2016 and 2100 (million).

Alternative deficit path

APO AP1 AP2 AP3
Target year for closing deficit quantitative, QN - 2045 2030 2020
qualitative, QL - 2090 2050 2030
Dwellings for closing deficit 2016-2100 Households New - 213 1.53 0.85
(million) High Upgrade - 5.21 4.08 3.28
Total - 7.35 5.60 413
Households New - 2.00 1.49 0.85
Medium Upgrade - 3.91 3.69 3.16
Total - 5.91 5.18 4.01
Households New - 1.72 1.36 0.79
Low Upgrade - 2.62 3.03 2.83
Total - 435 439 3.63
2100 remaining deficit, million households, all QN 1.6-6.4 0 0 0
demographic scenarios QL 1.08-4.1 0 0 0

5. Discussion and conclusions

5.1. Method and results: strengths, limitations and uncertainty

We propose a novel modeling approach for studying housing
stocks with housing deficits. Our approach expands on the socio-

demographic dimension of current dynamic stock models in the
field of Material Flow Analysis (MFA) by differentiating across
household types that represent distinct dwelling conditions. The
dwelling stock is complemented with a household stock of dif-
ferent types, which allows to estimate unsatisfied housing needs
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Table 5
Average construction of new additional and upgraded dwellings per year for closing deficits in the periods 2016-2049 and 2050-2100, selected scenarios.
Number of households Period Average construction rate, dwellings per year
AP1 AP2 AP3
New Upgrade New Upgrade New Upgrade
High 2016-2049 62772 13797 44934 117529 25061 96485
2050-2100 0 93011 0 1566 0 0
Medium 2016-2049 58829 11949 43876 106606 24866 93077
2050-2100 0 68621 0 1332 0 0
Low 2016-2049 50671 9263 40068 87623 23311 83361
2050-2100 0 45269 0 1012 0 0
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Fig. 7. Demolitions by type of dwelling (black: Total, green: ND, blue: QL, orange: QN),

number of dwellings 2000-2100. Results for the twelve scenarios: combinations of

three household series (Households High, Medium and Low) and four alternative deficit distribution paths (APO, AP1, AP2 and AP3).

and to evaluate different strategies for closing deficits in terms of
construction and demolition activity.

Housing deficits are the result of complex economic and social
phenomena. The method we propose takes these phenomena as
exogenous, and explores different paths for closing deficits that
assume that policies are effectively implemented. Thus, our results
reston the premises that housing policies (i) properly address phys-
ical deficiencies of housing by building and upgrading dwellings, (ii)
control other economic and social causes of housing deficits, and
(iii) are sustained over time, meaning that economic and social con-
ditions do not worsen, and no households move from the no deficit

to the deficit states. The latter also means that QL and QN dwellings
are replaced when needed but also demolished when in excess.
These are strong assumptions, but allow to assess the magnitude
of the housing deficits and the efforts needed to close them. In
this sense, our results constitute a benchmark against which policy
options, including one-shot measures, can be tested and compared.

Of the demographic factors considered in this study, household
size is least studied and most uncertain. We assumed that house-
hold size in Colombia will follow the declining trends observed
in developing countries since the 1600s, which are explained by
declining fertility rates and a move from complex, extended, fam-
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ily structures to nuclear families (Bongaarts, 2001; Bradbury et al.,
2014; Keilman, 1987). Although developing countries show a less
consistent trend in household size than developed ones (Bongaarts,
2001), our assumption is supported by observations in Latin Amer-
ica and the Caribbean, where lower fertility caused a decline in
average household size from 5.25 in the 1970s to 4.7 in 1990s
(CEPAL, 1995). As one of the factors determining future demands
for housing and resources, a more detailed study of household size
trends is needed in order to understand the long-term implications
of changing demographics on resource use in Colombia. The num-
ber of households, however, is more sensitive to population growth
than to household size which means that results are consistent for
variations in the latter.

The relationship of number of households to number of
dwellings is also subject to uncertainty. The parameter households
per dwelling is likely to be overestimated for the no deficit (ND)
type, leading to an underestimation of the number of dwellings
in this share of the stock. Although there are no statistics on the
number of households in Colombia with a second (not for rent)
home, we expect this number to be below the 5-6% observed in
the U.S. in 2001 (Simmons and O’Neill, 2001) and the UK. in 2014
(Office for National Statistics, 2015), respectively, based on the fact
that income inequality is greater in Colombia than in developed
countries (World Bank, 2016). Then, not all of the 547 thousand
households in the top 5% of income in Colombia (DANE, 2015) can
afford a second house.

The uncertainty in construction and demolition and its impact
on the dwelling stock was not addressed/explored and our histor-
ical construction and demolition results were not validated due to
the lack of available statistics. This, in combination with the non-
existent information on the lifetime of dwellings causes dwelling
stock results to be uncertain. Notwithstanding, the model’s results
correctly represent the evolution of household stock and therefore,
the conclusions about the number of dwellings needed to close
housing deficits are valid.

5.2. Policy

Housing needs in developing countries are expected to increase
continuously during most of the XXI century, even if population
declines. This is because during the development process there are
other expected socioeconomic and lifestyle changes that decrease
the average number of persons per households, as observed in
already-developed nations. In this regard, results in AP1 do not
intend to reflect a policy but to aid decision making by illustrating
that, to reduce deficits, housing policies need to be more aggressive.

Policies for closing housing deficits need to be based on knowl-
edge of demographic and stock development and their links.
Although demographic decline can reduce the number of house-
holds with deficit and the construction efforts for closing housing
deficits in the long term, particularly after 2050, results show
that deficit is not closed unless measures are adopted. Conversely,
regardless of the demographic scenario, delaying actions increases
the total number of new and upgraded dwellings required to close
the gap.

More than 23 thousand additional dwellings need to be built
each year in order to close quantitative housing deficit by 2020,
and more than 80 thousand dwellings per year are to be upgraded
to close qualitative deficit by 2030. Achieving this 7 to 22% increase
in construction with respect to the status quo (APO) requires a sig-
nificant amount of resources, particularly land, whose availability
is constrained in main urban areas (Camacol, 2010). In addition,
conditions vary widely across regions and cities. Since municipal-
ities have responsibility to regulate land use and implementing
housing policies, municipalities where action is most urgent have
a much larger challenge than the national average. A spatially dis-

aggregated approach could assist in identifying critical areas and
designing housing policies.

Our estimation of the effort needed to close housing deficits is
consistent with Gilbert’s (2014) assessment that it would take at
least 12 years to close deficits assuming that current radical poli-
cies are successfully implemented and sustained, and that housing
demand stays constant. If no actions are taken to close housing
deficit, construction activity is not expected to grow in the next
two decades. If the deficit distribution remains at present levels,
the construction activity would remain constant or even decline
for the rest of the century.

If policies for closing deficits are implemented, the future annual
construction activity is expected to increase. The magnitude of con-
struction growth depends on the path and time horizon defined for
closing deficits.

Most demolitions are caused by the obsolescence of dwelling
stock and, during the 21st century, demolitions are largely inde-
pendent of housing policies and demographic changes. Actions
for closing deficit marginally increase cumulative demolitions by
increasing planned demolitions of QN dwellings. Although the
impact of polices on the demolition activity of QN dwellings (the
dominant type of demolition) is low, closing quantitative deficits
can potentially increase the expected short-term annual demoli-
tions by a factor up to six. Then, planned demolitions need to be
accompanied by plans to manage demolition waste.

Delaying actions to close deficit causes a decrease in planned QN
demolitions but, as discussed before, it also increases the number
of households in deficit (except in the Households Low scenar-
ios). Furthermore, these actions will result in longer and postponed
planned-demolitions periods. These results emphasize the need for
understanding the long-term dynamics of dwelling and household
stocks as well as their interactions.

Addressing current housing needs is urgent for having a more
equitable and sustainable society. Regardless of demographic
changes, our results show that the sooner housing deficits are
closed, the fewer resources are needed in order to achieve deficit-
reduction goals. In addition, as employment and construction are
closely related (Clavijo et al., 2004), an accelerated program to
close housing deficits contributes to stimulating economic growth
through multiplier effects. For this paper we assume that quanti-
tative deficits are closed before qualitative deficits, but this needs
not to be a constraint for policy design and both types of deficits
can be simultaneously targeted.

Conflicts might appear when reconciling economic and hous-
ing deficit policies, as sustaining long periods of large construction
might be economically beneficial in term of materials flows and
employment but these might compromise environmental goals on
land use, materials, energy efficiency and emissions.
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ABSTRACT

Population growth, dietary shifts, and food waste are commonly assumed as the main
drivers for increased food demand. Although nutrition sciences demonstrate that biophysical
characteristics determine food requirements on individuals, and demographic studies provide
evidence for large shifts in height, weight and age structure worldwide, the aggregated effects are
poorly understood. Here, we analyze the effects of these changes in the adult population of 186
countries between 1975 and 2014. Across countries, individuals’ weight gains ranged between
6% and 33% and energy needs increased between 0.9% and 16%. Globally, food energy
increased 129%. Population growth contributed 116%, weight and height gains 15%, while the
aging phenomenon counteracted the rise in energy needs by 2%. This additional 13% demand
corresponded to the needs of 286 million adults. We show that bridging the understanding of the
evolving individual-biophysical and sociodemographic characteristics can contribute to better

global resource and food security assessments.
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1. INTRODUCTION

Human activity is regarded as the dominant cause of contemporary environmental
change' . The most comprehensive assessments to understand the human-environment
relationship traditionally describe resource use as a function of the population size, affluence and
technology* '"°. Yet, population remains as an external variable, deprived of evolving biophysical
traits. Evidence shows that humans changed at the individual and societal levels over the past

1213 (BMI) and longevity'* have all increased while

century. Height'', body mass index
demographic transitions have occurred due to an ageing population and changes in fertility and
mortality rates'>'®. Still, the effects of individual and societal changes on resource use have been
overlooked and are therefore poorly understood.

This is particularly important for food demand, which is not solely dependent on
economic and technological factors but ultimately is a function of the energetic metabolic
requirements of humans'’; which depend on sex, age, weight, and physical activity level. The

18-20

influence of these factors has been studied in individuals and to a lesser extent at societal

levels®' . Furthermore, most studies concerned with global food security overlook the effect of

24-28

changes in the metabolic requirements of humans™ ~°, and mainly focus on the technological

aspects of food losses and waste .
To our knowledge, there are two studies that evaluate the food energy issue from a

1.2 studied the adult population of 190

metabolic perspective at the global scale. Walpole et a
countries for the year 2005. Their results focus on the impact of overweight and obesity and
show that the energy requirements due to these factors corresponds to 135 million average

adults. They also conclude that increasing overweight and obesity could have the effect of an

extra half a billion people by 2050.
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More recently, Hig et al.”®

studied the energy requirements for 169 countries from a
longitudinal perspective (1950-2050), including infants, children, adolescents, adults, elders, and
pregnant and lactating women. The authors found that the average population’s energy
requirements increased in the past by 2.2% due to demographic structural changes, while using
static average weight values. Despite this study capturing most of the nuances of the human food
requirements, it disregards the biophysical changes in height and BMI which are proven to be
relevant factors for explaining changes in food demand. Thus, longitudinal food energy studies
that account for these changes at the global scale are missing.

In this article, we present the integrated effect of individual biophysical - height and BMI
- and demographic changes on the human mass and food energy requirements of the adult
population of 186 countries from 1975 to 2014. Our estimates are based on yearly sex-and-age

disaggregated data for each country which comprise 114 birth cohorts. The results are presented

at the aggregated level.

2. MATERIALS AND METHODS
We estimate long-term food energy requirements and weight following a “type-cohort-

time” approach for modelling energy in dynamic stocks®'*

. Here, we regard population as a
stock constituted of individual humans of different sexes (types) and cohorts, whose biophysical
characteristics and energy needs evolve in time.

We apply the FAO guidelines'” for total human energy expenditure to approximate daily
food energy demand. First, we calculate the basal metabolic rate (BMR) as a function of weight,

sex and age with the guide’s formulae on “Table 5.2”. Then, we estimate the average food

energy need (theoretical energy expenditure) by multiplying the BMR by a factor of 1.76 to
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account for the physical activity level (PAL). This is the average value in FAO’s guide (Table
5.1), which represents an “active or moderately active” lifestyle. We assume it to be the same for
all population because PAL information is not available for most of the countries.

We follow Walpole’s** considerations to derive weight from BMI and height [Weight =
BMI x Height*2]. BMI and height are taken from studies from the NCD Risk Factor
Collaboration'""?.

We assume that the annual information on mean BMI, only available by sex, is
representative for adults of all ages. This allows the sex-cohort-time average weight calculations.
In addition, we deem the mean adult height, reported at the age of 21, to be achieved at the age
of 18 for consistency with the BMI data - which reports from this age. Height data is available
for the 1896-1996 cohorts, hence adults from the 1875-1895 cohorts are considered to have the
same height as their 1896 peers. The assumptions on height have a minor effect in the results and
conclusions, as the population in the cohorts of concern represent a small share of the total adult
population.

Average (per capita) values of food energy and weight at the national and global levels
are weighted-averages by population size, sex and age. The total food energy requirements and
the total mass (of a nation) aggregates weight and energy demand of the individuals of all ages
and sexes.

We use the population statistics from the United Nations>, which are available for every
year of analysis by age-groups of 5 years. For the 1975-1989 period, the data is available for 17
age-groups covering the ages 0 to 80+. For the 1990-2014 period, the data is available for 21

age-groups for the ages 0 to 100+. For every year of analysis, we distribute the age-group’s
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population equally among each individual age of the group. For the period 1975-1989 we

apportion the 80+ population among the ages 80 to 100+ by using the distribution of 1990.

3. RESULTS AND DISCUSSION

Global Trends. In the past four decades, the adult population increased by 116%. Yet,
population change was outgrown by increases of 146% in human mass and 129% in total
theoretical food energy requirements (Figure 1a). In 2014, the adult population was 4.98 billion
people, weighted 322 Mton, and demanded 13 Tkcal/day (Figure S1). Five countries contained
half of the adult population - China, India, United States, Indonesia, and Brazil -, which along
with Russia also concentrated 50% of the human mass and food energy requirements.

In 2014, the average world adult weighed 64.7 kg, was 163 cm tall and 42 years old, and
demanded 2615 kcal/day - assuming an active or moderately active lifestyle'” (Figure 2). This is
14% heavier, 1.3% taller, 6.2% older, and 6.1% more energy demanding than the average adult
in 1975 (Figure 1b and Figure 2). From a global perspective, the effect of this additional demand
is equivalent to the food energy needs of 286 million adults today - about 1.2 times the adult
population of United States, or the double of Brazil. The total mass increase due to additional
weight was 39.68 Mton, almost the adult mass of India or two times that one of United States.

Population, human mass and food energy grew similarly but at different rates (Figure 1c).
The non-linear relationship between weight and food energy changes (Figure S2b) explains the
continuous decoupling between weight gains and energy increases (Figure 1b). The food energy
demand per kilogram weight (energy-to mass ratio) decreased by almost 7%, from 43.4 to 40.4
kecal/kg. For every kilogram increase there was a reduction of 70 to 91 calories needed per

kilogram-weight.
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Figure 1. Relative changes (a,b) and growth rates (c,d) in population, human mass, and food
energy (a,c) and weight, height, age, food energy and energy-to-mass ratio (b,d) with respect to
1975. While human mass refers here to the total population, the term weight is used to indicate

the average mass per capita.

The total mass and energy growth rates declined between 1986-1998 and 2006-2014,
mainly following the population trend (Fig. 1¢). In addition, these periods were characterized by
decelerations in weight gains and accelerations in ageing (Fig. 1d), which intensified the
decoupling between weight and energy. Since energy requirements tend to decline in the latter
stages of life'’, ageing mitigated the global surge in food requirements (Figure 3 and Figure
S2d).

The ageing effect in the period 1975-2014 avoided an additional 1.9% increase in food
energy requirements (Figure 3), corresponding to the food needs of approximately 40 million
adults i.e. the adults of South Korea. Conversely, the rise in BMI increased the energy
requirements by 14% in the same period (Figure 3). This is equivalent to the food needs of

approximately 308 million adults, i.e. the adults of Mexico and United States combined.
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Figure 3. Decomposition analysis of factors contributing to changes in the total human mass and

food energy in the period 1975-2014.

Our food energy estimate for the world average adult (2615 kcal/cap/day) are slightly
higher than those of Walpole et al.** (2549 kcal/cap/day for 2005 adults) and Hig et al.> (2370
kcal/cal/day for all the 2010 population). With respect to Walpole and colleagues our study
comprises 9 additional years of weight gains which can explain the difference since our 2005
estimate of 2586 kcal/cap/day is similar to theirs (Dataset S1). The difference with Hi¢ and
colleagues may correspond to the fact that they also include youths which have lower calorie
needs.

Hig et al.”® report a 2.2% increase in average energy requirements between 1950 and
2010 while our estimates suggest a 6.1% increment between 1975 and 2014. Hig and colleagues
attribute the changes to demographic transitions towards older populations while recognizing the
limitations of their approach at not including changes in weight. Our results depict the relevance
of considering both weight and demographic structural changes when accounting for food
energy, and demonstrate that changes in height and BMI had a larger impact than demographics

as illustrated in Figure 3.
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National Trends. The average adult food energy needs and weight were in the range of
2200-2960 kcal/cap/day and 43-79 kg in 1975 (Figure 2a and 2c¢). The spectrum moved upwards
to 2320-3210 kcal/cap/day and 50-93 kg in 2014 (Figure 4a and 4c). Among countries, absolute
gains stretched from 22 to 401 kcal/cap/day and from 4 to 20 kg, with relative fluctuations of

0.9-16% for energy (Figure 2b and 4d) and 6-33% for weight (Figure 2d and 4b).

a Average weight in 2014 b Relative change in weight wrt 1975

Percent change
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Figure 4. Average weight and food energy needs in 2014 (a,c) and relative change with respect
to 1975 (b,d) by country. (a), average weight in kg in 2014, and (b), relative change with respect
to 1975 values. (c), average food energy demand in kcal/cap/day in 2014, and (d), relative

change with respect to 1975 values.

Notwithstanding this diversity, the disparity between the hungriest and the frugal and
between the heaviest and the lightest adults remained nearly constant since 1975. The most
demanding country-average adults require about 1.4 more food energy than the most frugal, and

the heaviest weigh nearly the double of the lightest (1.86 times).
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Higher weight is usually correlated with higher energy demand, however, the countries
with the most and least energy demanding adults do not strictly correspond to those with the
heaviest and lightest ones (Table 1, and Dataset S1).

In 1975, both the lightest (below 45 kg) and most frugal adults (below 2250 kcal/cap/day)
lived in the same countries (Table 1). However, Ethiopia became one of the lightest (below 54
kg) but not one of the most frugal (below 2300 kcal/cap/day) in 2014. In contrast, Nepal
remained among those with the lowest energy demand despite a large weight increase (23.7%).

Adults in the Czech Republic, the United States and Iceland were among the heaviest
(above 70 kg) but not among the most energy demanding (above 2800 kcal/cap/day) in 1975
(Table 1). Conversely, United Arab Emirates and Qatar had some of the largest energy needs but
were not among the heaviest. Moreover, by 2014, Saint Lucia adhered to the heaviest (above 81
kg) but not the most demanding. The countries with the hungriest adults in 1975 remained to be
so in 2014.

Also, the relative changes exhibited a remarkable diversity (Table 1). While Zimbabwe
and Saint Lucia had the smallest and largest weight gains respectively, Japan and Oman had the

smallest and largest energy increases (Figure 2b and 2d).



184

185
186
187
188
189
190
191
192
193
194

Table 1 | Highest and lowest average food energy demand and weight.

Average food energy demand

Rel. change in

Rel. change in

[keal/cap/day] food energy Average weight [kg] weight 1975-
1975-2014 2014
1975 2014 1975 2014
Highest 10
TON  2955,8 TON 32114 OMN 16,0 % TON 79,1 TON 933 LCA 32,7%
PYF  2903,5 QAT 31513 GNQ 15,7% PYF 76,2 WSM 89,3 GNQ 3L,1%
ARE 28794 WSM  3143,6 LCA 156% WSM 725 PYF 855 CPV 294 %
QAT 28313 ARE  3070,9 CPV  150% CZE 71,6 USA 83,6 MDV 28,9 %
KWT  2830,9 PYF  3050,7 GRD 14,1% KWT 70,7 LCA 827 MYS 27,0%
WSM 28124 KWT 30244 VCT 134 % USA 70,6 QAT 81,6 GRD 26,8 %
ISL 2730,7 LCA  2966,8 JAM  12,7% ISL 70,1 KWT 80,8 KOR  26,7%
CZE  2726,8 USA 29534 GAB 12,6 % LTU 69,6 NZL 80,6 JAM 26,3 %
USA 27263 PSE  2949,1 KGZ 123% ARE 68,9 AUS 793 VCT 26,2%
FSM 27073 JOR  2941,0 WSM 11,8 % EST 68,8 IRL 79,2 HND 26,0 %
Lowest 10
IND 22622 JPN 2441,8 CZE 44% BDI 46,8 ERI 54,9 SGP 10,6 %
BDI 2261,5 LAO  2430,0 MKD 4,3% MMR 46,5 NPL 54,8 SOM 10,3 %
MMR 2259,3 KHM 2420,7 MDG 3,7% IND 46,1 LAO 54,6 CZE 10,1 %
IDN 224338 ETH 24148 FRA  3,6% IDN 455 KHM 54,4 FRA 9,8%
KHM  2230,7 NPL  2414,1 ZWE 33% LAO 449 ETH 53,9 JPN 9,5%
LAO  2229,8 IND 24128 HKG 33% KHM 44,8 IND 53,8 PRK 83 %
NPL 22231 MDG 2402,7 DIJI 32% NPL 443 MDG 53,1 MDG 8,1 %
BGD  2219,6 VNM 23844 PRK  32% VNM 44,1 VNM 52,8 DJI 7.4 %
TLS 2202,0 BGD 23841 SGP  29% BGD 43,8 BGD 523 BHR 7,1 %
VNM  2199,1 TLS 23227 JPN 0,9 % TLS 43,1 TLS 50,1 ZWE 6,1 %

ARE: United Arab Emirates AUS: Australia BDI: Burundi BGD: Bangladesh CPV: Cape Verde CZE: Czech
Republic DJI: Djibouti ERI: Eritrea EST: Estonia ETH: Ethiopia FRA: France FSM: Federated States of Micronesia
GAB: Gabon GNQ: Ghana GRD: Grenada HKG: Hong Kong IDN: Indonesia IND: India ISL: Iceland IRL: Ireland
JAM: Jamaica JOR: Jordan JPN: Japan KGZ: Kyrgyzstan KHM: Cambodia KWT: Kuwait LAO: Lao People's
Democratic Republic LCA: Saint Lucia LTU: Lithuania MDG: Madagascar MKD: The Former Yugoslav Republic
of Macedonia MMR: Myanmar NPL: Nepal NZL: New Zealand OMN: Oman PRK: Democratic People's Republic
of Korea PSE: State of Palestine PYF: French Polynesia QAT: Qatar SGP: Singapore SOM: Somalia TLS: Timor-
Leste TON: Tonga USA: United States of America VCT: Saint Vincent and the Grenadines VNM: Viet Nam WSM:
Samoa ZWE: Zimbabwe
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The dissimilitude between weight and food energy can be explained, among others, by
the differentiated height and age trends (Figure 2e and 2g). For instance, the French have a
smaller energy demand than the Brazilians (Figure 2a), despite being heavier and taller (Figure
2c¢ and 2e), which may be explained by an older population (Figure 2g). Likewise, Japanese and
Indians now have similar food energy needs after marked differences in 1975 (Figure 2a). Food
requirements remained almost constant in Japan, despite weight and height gains (Figure 2¢ and
2¢), which may be explained by the fact that its population became the oldest (Figure 2g and 2h).
On the contrary, the Indians’ energy needs increased due to medium weight gains (Figure 2d)
and moderate ageing (Figure 2e and 2f). The discrepancy between weight and food energy is also
explained by other environmental, lifestyle and genetic factors***°.

Adults in all countries, except Madagascar and Rwanda, increased in average height (up
to 4.5%) (Figure 2f), with a global range from -0.5 to 7.1 cm. However, some countries started to
experience a decline in the average height after 1990 (Figure S3c¢). By 2014, 65 countries had
declining average adult height, in spite of the generalized increases in the mean height of
individuals born during the past century''. Worldwide, height gains at the societal level are
slowing down, reinforced by the ageing of population. Generally, older adults, whose proportion
in the population has been increasing, are shorter than their younger counterpart.

The changes in average age exhibited the largest variability (-8.8 to 25.8%) (Figure 2h),
which translated to net reductions and increments of -3.6 to 10.7 years. Yet, ageing tends to
accelerate in most countries®® (Figure 2f and 2h and Figure S3).

Similar to the global results, our estimates on energy requirements across nations (2320-
3210 kcal/cap/day) are higher than Hig et al.”* (1800-2800 kcal/cap/day) and comparable to

]22

Walpole et al.” (2318-3017 kcal/cap/day). Nonetheless, our ranking of the heaviest and lightest
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adults (Table 1), and thus food energy needs, slightly differs from the one made by Walpole and
colleagues. For instance, in the upper range, we estimate the average United States’ and United
Arab Emirates’ adult to weigh 81.3 kg and 77.8 kg respectively in 2005 (Dataset S1). Walpole
and colleagues report 82 kg and 75.8 kg for the same countries. Similarly, in the lower range, we
calculate 54.6 kg and 51.9 kg for Eritrea and Cambodia, while Walpole et al. report 52.1 kg and
55.9 respectively.

In terms of food energy requirements, we estimate an average of 2920 kcal/cap/day for
the United States, while Walpole et al. reports 2874 kcal/cap/day. This difference of 46
kcal/cap/day, although relatively small (c.a. 1.5%), translates in 10 Gkcal per day given the
country’s adult population. A number equivalent to the food energy requirements of a country
like Croatia or New Zealand which have approximately 3.4 million adults.

We attribute the differences between our numbers and Walpole et al. to the dissimilar
sources of information and data treatment. In our case, to derive weight, height data was
available for all cohorts and sexes in all countries but we use country average BMI values by sex.
On the other hand, Walpole and colleagues counted with BMI numbers by age and sex but some
information on height was missing and therefore completed by linear regression methods using
data on countries of the same region. Both methods can yield under and overestimations in the
weight of different population segments as well as in the country average. Thus, we highlight not
only the need but the importance of having both historic age and sex disaggregated BMI
information as well as sex and cohort height statistics to be able to produce better estimates on
food requirements.

Closing Remarks. The interrelated dynamics between population, weight, height and age

have implications for the food supply and demand as well as food security of the coming
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decades. We show that, in the 1975-2014 period, the rise in food demand was mainly driven by
population numbers (116%), yet it was also affected in a non-negligible manner (13%) by
changes in human biophysical traits (Figure 3). Thus, what previous analyses could have
estimated as food surplus or waste might actually be mass sequestered in the bodies of the human
lot.

Integrated metabolic and socio-demographic models can contribute to a better assessment
of hunger worldwide®’, to distinguish losses and waste along the food value chain and to forecast
food needs of evolving populations™. Furthermore, the increasing human mass, size and ageing
phenomena have implications for resource use beyond food. Other energy and material
connotations are foreseen for buildings, mobility, water, waste, sewage, furniture, clothing, and
health care. Bigger humans tend to require larger living and sitting spaces and produce more
waste'®, while an ageing population requires different economic goods'®.

Our study supports the importance of considering stock dynamics and the differentiation
of cohorts and types (see Materials and Methods) across time for better understanding the

changing needs of a population as well as the resource and infrastructures to satisfy these needs.
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