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Abstract
Implementation of energy efficiency measures will play a crucial role in future energy
consumption in buildings. However, there is inadequate understanding about the effectiveness
of energy efficiency policies, particularly due to the rebound effect. This study presents a
dynamic simulation model that comprises the impacts of physical processes such as aging, as
well as social aspects such as households’ energy conservation efforts. The focus of this study
is to develop a framework to enhance our understanding of consumer behavior by studying the
correlation between the rebound effect and the household income for five household categories.
Based on this analysis, as expected, the lower-class households were found to be the most
sensitive household categories to high energy expenses. It was also observed that the rebound
effect is higher for middle-class households compared to lower-class and upper-class
households. The following step of this research is to estimate the long-term benefits of energy
efficiency polices based on the outcomes of this study regarding the rebound effect for different
household categories.
Keywords: Energy efficiency, rebound effect, consumer behavior, dwelling market, system
dynamics.

1. Introduction
In 2015, building sector used 1356 petajoules (PJ) of energy in the Nordic countries, or about
33% of total energy use, which is similar to the worldwide share of energy use despite cold
climates. Nordic countries have progressively reduced the role of fossil fuels in the buildings
sector as well as increased the energy efficiency of buildings, by implementing various polices
including financial incentives, awareness campaigns, energy certificate systems, a system for
certifying qualified experts in addition to implementing strict building codes (IEA, 2013). As a
result, energy consumption shown an annual reduction of around 0.8% since 2000 and the
average energy intensity of space heating across the Nordic building stock reached to 126 kWh
per square meter, which is still 12% higher than the European Union (EU) average. Because
building stock turnover in the Nordic countries is slow (on the order of 1% per year), the
majority of opportunities to improve efficiency over the next several decades will be in existing
building stock. Thus, more rapid renovation of existing Nordic building stock is needed to lower
energy demand (IEA, 2016). However, the challenge is how to “unlock” that vast potential and
realize the benefits of a built environment that is comfortable, efficient, and cost-effective.
Energy efficient and low-carbon technologies are expected to play a crucial role in the energy
revolution needed to make this change happen. At the same time, improvements in energy
efficiency make energy services cheaper, and therefore encourage increased consumption of
those services. This so-called direct rebound effect offsets the energy savings that may
otherwise be achieved (Khazzoom, 1980; Berkhout et al,. 2000).
Sorrell et al., (2009) provides a broad overview of the methodological approaches to estimate
direct rebound effects. In the quasi-experimental approach, the direct rebound effect is
estimated through measuring the changes in demand for the energy service before and after an
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energy efficiency improvement. Yet, there are other factors that may also have affected the
demand for the energy service which need to be accounted for (Frondel and Schmidt, 2005;
Meyer, 1995). Besides, other limitations include small sample sizes, a failure to measure the
error associated with estimates, and monitoring periods that are short to capture long-term
effects (Sorrell et al., 2009).
Econometric analysis is a more common approach to calculate direct rebound effects. The
required data can take different forms (e.g. cross-sectional, time-series, panel) and use at
different levels of aggregation (e.g. household, region, country), while it should contain
information on energy demand, the relevant energy service and/or the energy efficiency of that
service. Depending upon data availability, the direct rebound effect may be estimated from one
of three energy-efficiency elasticities (Sorrell et al., 2009):




ηε(E): the elasticity of demand for energy (E) with respect to energy efficiency (ε)
ηε(S): the elasticity of demand for energy services (S) with respect to energy efficiency
(where S=εE)
η P S (S ): the elasticity of demand for energy services with respect to the energy cost of
energy services (PS),

Usually, data on energy consumption (E) and energy prices (PE) is both more available and
more accurate than data on energy services (S) and energy efficiency (ε). Also, even if data on
energy efficiency is available, the estimates of either ηε(E) or ηε(S ) can have a large variance,
while estimates of η P S ( S ) may have less variance owing to significantly greater variation in
the explanatory variable (PS). Table 1 summarizes the results of estimates of the direct rebound
effect. Despite the methodological diversity, the results for individual energy services are
broadly comparable.
Table 1: Econometric estimates of the long-run direct rebound effect for household energy services in the OECD
(Sorrell et al., 2009)
End-use
Range of values in
‘Best guess’
No. of
Degree of
evidence base (%)
(%)
studies
confidence
Space heating
0.6–60
10–30
9
Medium
Space cooling
1–26
1–26
2
Low
Other consumer energy services 0–41
<20
3
Low

There are several concerns regarding the estimates of the direct rebound effect. First of all,
conventional models assume similar responses by households for the change in demand due to
the change in energy prices and the change in energy efficiency, but opposite in sign. Besides,
they presume the energy efficiency as an exogenous factor, while, in practice, both of these
assumptions may not be true. Thus, the estimates of the direct rebound effect based on the
historical and/or cross-sectional variations in energy prices could overestimate the direct
rebound effect, mainly because the additional capital costs required to improve energy
efficiency is not included (Henly et al., 1988). On the other hand, the expected high demand
for energy services may increase the demand for energy efficiency. In such cases, the demand
for energy services depends on the energy cost of energy services, which depends upon energy
efficiency, which depends upon the demand for energy services (Small and Van Dender, 2005).
Therefore, the direct rebound effect would not be the only reason for any measured correlation
between energy efficiency and the demand for energy services. This so-called ‘endogeneity’
can be analyzed through the use of simultaneous equation models, but these are relatively rare
due to their larger data requirements.
Regarding the estimates of direct rebound effect for household heating, an overlooked issue is
the impact of building stock inertia on energy demand, mainly because of lack of accurate
information and analytical difficulties. This study presents a dynamic simulation model that
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captures the impacts of physical processes such as aging, as well as social aspects such as
households’ energy conservation efforts on residential energy demand. System dynamics (SD)
approach has been extensively applied in the study of dynamic systems by representing them
as a set of interrelated stocks, flows and feedback mechanisms and simulating their temporal
evolution (Forrester, 1969; Groesser and Ulli-Beer, 2007; Sterman, 2000). This study improved
the model developed by Yücel, (2013). The focus of this study is to improve our understanding
about household’s energy conservation behaviors by studying the correlation between the
rebound effect and the household income for five household categories. The scope of the model
is set to Danish dwelling stock and the use of district heating.
The paper is structured as follows. Section 2 describes the scope and structure of the system
dynamics model, while section 3 presents the case study and the calibration of building stock
with Danish data. Section 4 summarizes the results and discusses the implication of results for
policy makers. Section 5 concludes the findings and identifies future steps for this research.

2. Model
System dynamics approach was applied to investigate the dynamics of the Danish dwelling
stock, and also to study household’s energy conservation behaviors with the focus on the
correlation between the rebound effect and the household income. This study improved the
model developed by Yücel, (2013). The buildings are classified according to three construction
periods (pre-1960, 1960-1980, and post-1980). The temporal scope of the model is set to the
period 1990-2014.
2.1. Coflow Structure
Sterman (2000) pointed out that system dynamic modelers often need to capture not only the
total quantity of material in a network of stock and flows, but also the attributes or
characteristics of the stocks. While the stock and flow network reflects the amount of material
in the fundamental stock, it does not reveal anything about the characteristics of that stock.
Coflows however can be used to keep track of the attributes of the items that are flowing
through the stock and flow structure. As a result, coflows are parallel structures that can be
“used to account for the attributes of items flowing through a stock and flow network”.

Figure 1: Generic coflow structure

Figure 1 illustrates the generic coflow structure. As each unit of the fundamental “Stock”
increases the quantity of that stock, a unit of the associated attribute is added to “Total
Attribute” stock. The “Marginal Attribute per Unit” is simply the number of units of the
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attribute added to the “Total Attribute” stock, for each unit the fundamental “Stock” is
increased. As the number of units of the fundamental “Stock” is reduced through the outflow,
there is a corresponding decrease in the number of units of the “Total Attribute”. The number
of units by which the attribute is decreased is the product of the “Average Attribute” quantity
and the “Outflow” rate, where the “Average Attribute” quantity is the ”Total Attribute” quantity
divided by the quantity of fundamental ”Stock”.
The right side of Figure 1 presents an example of how we use this standard coflow structure to
model the energy use in dwelling stock. The fundamental stock is the number of “Dwellings”
in Denmark. The underlying attribute is the amount of “Energy Requirement” for space heating
and cooling where the “Increase in Energy Consumption” is the product of the “Construction”
of new buildings and “Marginal Energy Intensity”. The “Decrease in Energy Consumption” is
estimated by multiplying the rate of building “Demolition” by the average “Energy Intensity”.
2.2. Aging Structure
As was mentioned earlier, in this study, the dwelling stock is divided into three age groups:
 Old Buildings: Dwellings built before 1960


Mature Buildings: Dwellings built between 1960-1980



New Buildings: Dwellings built after 1980

Figure 2 shows a stock-and-flow diagram of the key components of our dwelling stock model.
Stock-and-flow-diagrams are used to represent the structures of a system in close relation to the
equations that are actually simulated. With the three stocks and the aging rates, an aging chain
for dwelling stock was formed (the middle chain in Figure 3). The original energy requirement
and energy requirement (accounting for retrofitting impact) are the main coflows (the first and
third chains in Figure 2).

Figure 2: Stock-and-flow-diagram of the building sector

2.3. Feedback Loops
The final energy consumption of a household depends on five factors: energy efficiency of
building shell, household income, heating-degree-days, energy expenses and efficiency of
appliances (tech effect). The causal loop diagram that depicts the relation between key factors
and household heating demand is given in Figure 3.
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Figure 3: Causal loop diagram of energy consumption in dwellings

The model incorporates two fundamental household behaviors driven by the improvement of
building energy performance and changes in energy expenses. These behaviors are shown as
balancing loop for efficiency improvement (B1) and balancing loop for energy conservation
(B2) in Figure 3. They influence the energy performance of dwellings as well as the
attractiveness of retrofitting measures:


Efficiency gain (B1)

With the increase in household energy consumption, and consequently household energy
expenses, households’ willingness for retrofitting increases. After implementing retrofitting
measures, the energy consumption is expected to decrease, as well as the ratio of energy
expenses to income per household. According to this balancing loop, the willingness for
retrofitting diminishes as the energy efficiency level of a dwelling increases.


Energy Conservation (B2)

With the increase in household energy expenses, the ratio of energy expenses to income for
households rises. The tendency of the households to renovate is related to two factors: the
perceived level of energy expenses to household income, and economic profitability of
retrofitting. After implementing retrofitting measures, the ratio of energy expenses to income
for households decreases. Therefore, the household will increase the intensity of energy
consuming activities as a result of increasing income (or decreasing cost of consumption),
which directly corresponds to the rebound effect broadly discussed in the energy consumption
literature. Thus, household heating demand (HHD) can be estimated by:
𝐻𝐻𝐷ℎ𝑐 = 𝐸𝑒𝑛𝑒𝑟𝑔𝑦 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑜𝑓 𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔 𝑠ℎ𝑒𝑙𝑙 × 𝐸ℎ𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑 𝑖𝑛𝑐𝑜𝑚𝑒,ℎ𝑐 × 𝐸𝐻𝐷𝐷 × 𝐸𝑇𝑒𝑐ℎ × 𝐸𝐸𝐸,ℎ𝑐
(1)
where, E Energy efficiency of building shell represents the average energy efficiency of building stock,
E householdincome,hc is the effect of household income for each Household Category1 (HC), EHDD
represents the effect of heating-degree-days, E Tech is the effect of improvement in the energy
efficiency of heating appliances, EEE,hc represents the effect of energy expenses category on
household heating demand for each household.
E energy efficiency of building shell is estimated in this study using the three-stage aging chain with a
coflow structure (figure 2) and accounts for not only the impact of construction of new efficient
1

Household categories are defined in section 3 based on income level
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buildings, but also the impacts from aging of building stock and demolition of old inefficient
buildings.
E household income,hc increases with household income, however, since the marginal increase of
income effect decreases at higher income level, in this study the logarithmic formulation was
used to capture the impact of household income on household heating demand for each
household category (figure 4).

Figure 4: Income effect multiplier as a function of normalized income

The normalized income is used to estimate the income effect, so the income effect is 1 in the
base year 1990. The coefficient “C” will be estimated in the calibration phase for each
household category to capture the sensitivity of the heating demand to increase in the household
income.
EHDD depends with the total number of heating-degree-days in each year. The multiplier factor
was defined as the ratio of HDD based to the HDD in 1990.
E Tech is estimated based on the stock model of heating appliances to capture the impact of
technological progress in the period of 1990-2014.
The effect of energy expenses on heating demand (EEE,hc) consists of two components. Higher
fuel price will result in the reduction of demand (price elasticity), while the excess income from
using more efficient appliance can increase the heating demand (Rebound effect). To be able
to extract the pure rebound effect, the following approach is suggested.
In case “A”, it was assumed that the energy expenses effect corresponds only to the changes in
fuel price. Therefore, it’s reasonable to use the price elasticity to capture the changes in heating
demand as a result of changes in fuel price. Since, there is no data on the price elasticity for
each household category, similar price elasticity for households was used for all household
categories. Based on Econ Pöyry 2007, the price elasticity of district heating is -0.25.
In case “B”, the energy expenses effects capture the changes in heating demand due to fuel
price changes and also efficiency improvement. This effect is estimated using a linear function
(figure 5) which represents the inverse linear correlation between the energy expenses and
heating demand.
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Figure 5: Energy expenses effect as a function of perceived expenses

As shown in figure 5, when the perceived expenses is similar to the reference expenses for
households, there is no rebound effect and EEE =1. However, in the case that the perceived
expenses decreases (due to an improvement in the efficiency or fuel price reduction), the energy
expenses effect will be more than 1 (right hand side of the figure 5). On the other hand, when
the fuel price goes up the heating demand will be reduced. 𝜃1 , 𝜃2 are estimated for each
household category in the calibration phase.
The differences between the two cases can show the significance of the rebound effect.

3. Case Study: Danish dwelling stock
To study the heating demand by Danish households, the system dynamics model needs to be
calibrated with the historical data. In this study, 1990 was selected as the base year and the data
collected from Danish Energy Authorities (2014) between 1990 and 2014 was used to calibrate
the system dynamics model. The distribution of dwelling stock based on construction year 1990
is shown in Figure 4. Since the type of dwellings for each household category was not available,
the impact of dwelling type was not included in this study. In a previous work, the
characteristics of different Danish dwelling types have been fully studied (Fazeli and
Davidsdottir, 2015).
Pre 1960

1960-1980

post 1980

11%

53%

36%

Figure 6: Distribution of Danish dwelling stock by construction year – source: statistics Denmark

According to figure 6, dwellings built before 1960 account for 53% of total stock and
considering their low energy performance, the focus of energy improvement plans should be
on retrofitting these old buildings. Therefore, it’s critical to have a comprehensive
understanding on household’s behavior to energy efficiency policies and specially the rebound
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effect. It’s expected that the household annual income directly affects the rebound effect,
therefore based on StatBank database, Danish household have been classified into five
categories based on annual income level: under 150,000 DKK, 150,000-299,999 DKK,
300,000-499,999 DKK, 500,000-799,999 DKK, 800,000 DKK or over.
The developed model is used as a dynamic tool that can be used to explore different scenarios
to improve our understanding on household’s energy conservation behaviors. While doing so,
the model’s correspondence with the Danish dwelling sector with regard to the size of the
dwelling stock and socio-economic characteristics is maintained. Before the scenario analysis
phase, the model is tested for the validity of its structure. The historical data on the evolution
of building stock from 1990-2012 was used to calibrate the developed system dynamics model.
The model is initialized based on actual data corresponding to year 1990, and the 1990–2014
period (a period about which reliable data was accessible from Kragh and Wittchen, (2014) is
used for behavioral comparison purposes. Model-generated behavior for the stock of dwellings
compared with the actual data can be found in figures 7. As can be seen from the plots, the
model is able to capture the general trends.
2.60
2.50
2.40
2.30
2.20
2.10
2.00

Model

Obs.

Figure 7: Number of dwellings - Model vs. Observation

4. Results & Discussions
After calibrating the building stock model with the historical data, the model was used to
simulate the heating demand. To estimate the income effect multiplier for each HC, Vensim
optimization module was used to estimate the coefficient “C” for the logarithmic function
illustrated in figure 4.
Table 2: Estimated income effect coefficient for each household category
Annual Income (DKK)
Coefficient “C”
HC 1
Under 150,000
2.9
HC 2
150,000-299,999
9.1
HC 3
300,000-499,999
9.4
HC 4
500,000-799,999
8.1
HC 5
800,000 DKK or over
6.1

According to table 2, the effect of rise in income on household heating demand is much more
for middle-class households than lower-class and upper-class households. This is somehow
expected, particularly for upper-class households. Since the heating expenses are likely
insignificant compared to their income, with an increase in income, the increase in heating
demand is expected to be at a much lower rate.
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The next step is to estimate the effect of energy expenses on heating demand based on the
historical data in two cases explained in section 2.3.
In case “A”, it is assumed that the energy expenses effect covers only the effect from changes
in fuel price. Therefore, based on the price elasticity reported in Econ Pöyry 2007, the impact
of energy expense on heating demand is estimated for all impact categories. Subsequently,
based on equation 1, heating demand for each household category was estimated and compared
with observed data. The results show significant differences with observation data.
Therefore, it was decided to follow case “B”, in which, the energy expenses effect includes the
impacts from changes in fuel price and efficiency improvement. Based on the linear function
illustrated in figure 5, the values of 𝜃1 , 𝜃2 for each household category is estimated (table 3).
Table 3: Estimated energy expenses parameters for each household category
𝜃1
𝜃2
HC 1
21.81
0.00
HC 2
16.71
5.71
HC 3
16.71
11.32
HC 4
11.32
16.71
HC 5
11.32
5.71

The slope of the linear function (𝜃1 ) in the left hand side of the figure 5, represents the
sensitivity to high energy expenses. According to table 3, as expected, the lower-class
households are the most sensitive household categories to high energy expenses. On the other
hand, the slope of the linear function (𝜃2 ) in the right hand side of the figure 5, represents the
increase in the heating demand due to the reduction in energy expenses. In other words, the
higher the 𝜃2 the higher is the rebound effect for that household category. Based on table 3,
the rebound effect is higher for middle-class households compared to lower-class and upperclass households. Then, heating demand for each household category was estimated and
compared with observed data. The comparative figures for all five household categories are
presented in figure 8.
According to figure 8, the model was able to capture the general trends and the differences with
observation data is insignificant except for lower-class households. The values of goodness-offit statistics for two cases are reported in table 4.
Table 4: goodness-of-fit for heating demand in two cases

HC1
HC2
HC3
HC4
HC5

Case A
39.0%
28.4%
27.0%
21.6%
32.9%

Case B
10.4%
4.6%
6.9%
7.6%
7.3%

differences
28.6%
23.8%
20.1%
14.0%
25.6%

The goodness-of-fit for case A is very poor, which means that price elasticity cannot solely
capture all the effects from changes in energy expenses on heating demand. On the other hand,
the goodness-of-fit for case B was better than case A and it verifies the capability of the
suggested linear function for estimating the energy expenses impact on heating demand.
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1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014

HC1 model

20.00
20.00

15.00
15.00

10.00
10.00

5.00
5.00

0.00
0.00

HC3 model

1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014

1990
1991
1992
1993
1994
1995
1996
1997
1998
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2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014

0.00

1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014

1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014

15.00
20.00

10.00
15.00

10.00

5.00

5.00

0.00

HC1 observed
HC2 model

HC3 observed
HC4 model

25.00

20.00

15.00

10.00

5.00

0.00

HC5 model
HC5 observed

Figure 8: Energy consumption for heating for five household categories - model vs observation
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HC2 observed

HC4 observed

5. Conclusions
While the building stock turnover is slow in the Nordic countries (on the order of 1% per year),
the majority of opportunities to improve efficiency over the next several decades will be in
existing building stock, most of which is constrained because of old equipment, aging
infrastructure, and lack of operations resources. Besides, energy efficiency improvement makes
energy services less expensive, which could increase the consumption of those services.
Therefore, this so-called direct rebound effect offsets the energy savings that may otherwise be
obtained. An overlooked issue regarding the estimates of direct rebound effect for household
heating, is the link between the building stock inertia and energy demand, mainly because of
the analytical difficulties.
This study presents a dynamic simulation model that captures the impacts of physical processes
such as aging, as well as social aspects such as households’ energy conservation efforts. The
focus of this study is to improve our understanding of household’s energy conservation
behaviors by studying the correlation between the rebound effect and the household income for
five household categories. The scope of the model is set to Danish dwelling stock and the use
of district heating.
Regarding the impact of energy expenses on heating demand, two cases were compared. In case
“A”, it was assumed that the energy expenses effect corresponds only to the changes in fuel
price, while in case “B”, a linear function was suggested to capture the impacts from changes
in fuel price and also efficiency. Comparison of the goodness-of-fit values for two cases,
illustrates that the case B is desirable, which is somehow expected, considering the more
inclusive definition for energy expenses effect in case B compared to case A, in which the focus
was only on price elasticity.
Based on this analysis, the effect of income increase on household heating demand is higher
for middle-class households compared to lower-class and upper-class households. This is
rational, as for example with an increase in the income of upper-class households, it’s unlikely
that the additional income is used for heating. Also, the lower-class households were found to
be the most sensitive household categories to high energy expenses, while the corresponding
rebound effect is very low. On the other hand, it was observed that the rebound effect is higher
for middle-class households compared to lower-class and upper-class households.
Our finding emphasizes the need for further research to better understand the reasons behind
rebound effect. The subsequent step is integrate the insights from this study regarding the
rebound effect which depends on household income distribution in the country/region and
assess the long-term benefits of energy efficiency polices. The insights from this analysis can
assist decision makers on how to design an effective energy policy.
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