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Abstract

At present, a large number of studies expose the differences between the results thrown by the classic models of energetic simulation (theoretical)
and the measured data. This is strongly related to how people use energy in their households, especially when there is no automatic control over
heating and ventilation systems. This will imply that the inputs, normally used in the energy simulation, do not necessarily take into account the actual
use patterns of the heating and ventilation systems. This paper seeks to highlight the differences between the theoretical and measured energy
consumption of Chilean homes. A set of houses, heated based on firewood, were studied in the city of Talca. The occupants of the dwellings were
surveyed on the specific usage patterns of their heating systems and the quantity and characteristics of the firewood that they usually acquire.
According to the results obtained, the energy consumed, on average, is about half of the expected consumption using classic models. Despite the
difficulties involved in obtaining the information, it is considered necessary to deepen the real impact that public policies have on the reduction of
energy consumption and air polluting emissions in the residential sector in Chile.
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For some time, there has been talk of the imminent risk of depletion of non-renewable energy resources and the political
arrangements aimed at mitigating the effects of climate change. Institutions such as the United Nations, the European
Commission and the International Energy Agency (IEA), among many other organizations have addressed the issue. For
this reason, energy saving has permeated the different sectors of energy consumption such as industry, transport and
building sector.
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In the last decades, the modelling of the energy required by a building has gained an important place in the analysis of
the buildings sector. According to IEA (International Energy Agency, 2013), there are six factors that directly influence
the building energy consumption. Three of them are related to the structure and location of the house (climate, building
envelope and service building). The other three are related to the influence of the user behavior within buildings
(occupant’s activities and behaviour, indoor environmental quality provided and the operation and maintenance of the
building).

Through the development of technology, modelling programs have become increasingly robust, allowing for an
estimation of better results. In addition, global challenges for the rational use of energy create favourable conditions
for the use of these models as guidance tools in decision-making.

According to Kavgic, Mavrogianni, Mumovic, Summerfield, Stevanovic, & Djurovic-Petrovic (Kavgic et al., 2010) the
analysis of any Energy Efficiency (EE) strategy requires assessment tools that are the most robust and accurate as
possible and that these instruments are as reliable a reference as possible to establish the accuracy of the measurement
of the energy saving.

In spite of the above, a non-negligible gap has been detected between the expected energy and that which is actually
consumed. This is mainly due to the ignorance of how some factors interact with each other (Wei, Jones, & de Wilde,
2014; Yan, O’Brien, Hong, Feng, Burak Gunay, Tahmasebi, & Mahdavi, 2015). It is well known that building energy
consumption is a complex reality to model. In fact, the quality of the input and their interrelationships play a key role in
modelling of residential energy consumption. However, given the multiple variables involved and their different
characteristics, models with different levels of complexity can be constructed using the available information, which
should have a close relationship with the goal of modelling.

According to research by Ryan & Sanquist (2012), energy building assessments lack, to a large extent, of detailed studies
that validate their results with real cases. According to the researchers, in general, the models that have been validated
correspond to the “idealized cases under specific ranges of conditions, which exclude real life conditions such as the
effects of building occupants on energy usage” (Ryan & Sanquist, 2012, p. 375). Indeed, it seems that by trying to simplify
the relationship between energy - building - climate, the action that certain variables can exert on this relationship, has
been underestimated.

Currently, several studies have reported differences in energy consumption obtained through the use of energy models
and the measured consumption in the field, mainly because of human behaviour (Ahn & Park, 2016; Audenaert &
Briffaerts, 2011; Bahaj & James, 2007; Emery & Kippenhan, 2006; Guerra Santin, 2011; Hiller, 2012; Huebner,
McMichael, Shipworth, Shipworth, Durand-Daubin, & Summerfield, 2013; Pan, Wang, Wei, Xu, Zhang, Xie, de Wilde,
2017; Seryak & Kissock, 2003; Yohanis, Mondol, Wright, & Norton, 2008).

At the end of the 1990s, Haas, Auer, & Biermayr (1998) warned the Austrian Government of the evolution of measured
consumption in this country, after the work of thermal renovation. By underestimating the relationship between
occupants and energy, measured consumption did not decrease as expected. Indeed, the authors point out that there
is an increase of between 15% and 30% of the energy consumption for heating in Austrian households that have adopted
this type of EE measures. The authors also found that the increase depend on the initial quality of houses. The reason
for this increase can be explained by the reduction of the annual costs for heating, resulting from a better energy
performance of the house, favoring a higher demand for heating (Hens, Parijs, & Deurinck, 2010) in order to improve the
thermal comfort inside the houses (Sunikka-Blank & Galvin, 2012).

Ultimately, residents do not necessarily limit their budget for heating. Haas et al. (1998, p. 195) point out that in this
case, “this increase will outweigh the conservation effect to a large extent and, hence, make conservation programs
useless”. This phenomenon is known in the literature as 'rebound' effect and other researchers have supported the
presence of such a phenomenon through their studies (Galvin, 2015; Guerra Santin, 2013; Lin & Liu, 2015). On the other
hand, Sunikka-Blank & Galvin (2012) indicate the presence of the opposite phenomenon in German households.
According to the authors, this phenomenon is known as the 'pre-bound' effect, which would appear before housing has
undergone a thermal renovation. In this particular case, the overall theoretical energy consumption is higher than the
estimated consumption based on actual data. According to the study, German households consume around 30% less
than the estimated consumption for heating. In addition, the authors point out that the greatest differences between
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theoretical and measured consumption occur in homes whose energy classification is less efficient. For example, a house
that should consume 300 kWh/m?year, only consumes 180 kWh/m?a year, while other households where consumption
is expected to be 125 kWh/m?a year, measured consumption rises to 150 kWh/m?a year (Sunikka-Blank & Galvin, 2012).
A comparable phenomenon has been reported in houses in Netherlands and France (Cayre, Allibe, & Laurent, 2011;
Tigchelaar, Menkveld, & Daniéls, 2011) .

In Chile, the differences between expected and measured consumption are also important. This is the case of the study
carried out by Fissore & Colonelli (2012) where the theoretical and measured energy consumption for residential
heating was compared. This study evaluated 75 low-income housing before and after applying the thermal renewal
program promoted by the Chilean Government. The objective was to determine the energy-saving potential through
the implementation of the program. However, the results show a great discrepancy between the values collected
through surveys and those values thrown by a calculation model. In fact, before thermal renewal, the difference
between the theoretical and measured results, on average, is about 108%. In other words, in this case, theoretical
consumption is twice as much as measured consumption.

A similar situation was found in the study of Universidad de Concepcion (Universidad de Concepcion, 2014). This time,
43 households were assessed in the VIl Region of the country to obtain the information necessary to develop an
environmental decontamination plan. The existing thermal characteristics and residential heating systems commonly
used were evaluated. Then, the energy consumption for heating was calculated using two approaches: using a classic
calculation model and measurements of energy consumption in the field. By comparing the two approaches, the
average differences reached 136%. In conclusion, the gap between theoretical and measured consumption is not an
isolated incident. According to the IEA, this difference has its origins in the lack of understanding of how energy is used
in real life. In addition, “the reasons for this divergence are generally poorly understood and often have more to do with
the role of human behaviour than with building design” (International Energy Agency, 2013, p.7). From that perspective,
the characterization of key data concerning the use of energy in homes can help improve the results of a model of
calculation, reducing the gap with those obtained in reality.

For this reason, this research seeks to highlight the gap between theoretical and measured energy consumption for
heating in Chilean households.

As previously reported, occupants’ behaviour is an element that can influence significantly the energy consumption of
buildings. Although dynamic thermal simulation software offers a number of possibilities to integrate the occupation
profile, they are generally only used to present standardized data, which often do not represent the real
situation. Therefore, the results obtained from energy simulations that incorporate that sort of data, do not necessarily
represent the analysed context.

In order to evaluate the differences between the theoretical and measured consumption of a set of houses, 20 surveys
were carried out in the city of Talca, by the project “Diagndstico de la calidad del aire y medidas de descontaminacién
en Talca y Maule” “Diagnostic of the air quality and measures of decontamination in Talca and Maule” (Universidad de
Concepcion, 2014). Figure 1 shows the distribution of those 20 households.

Data such as family (size, age, time spent in housing, etc.), physical characteristics of houses (built area, main materials,
etc.), monthly fuel heating expenses, the amount of fuel purchased by the occupants, characteristics and usage patterns
of heating system (performance, schedules, among others) and the characteristics and usage patterns of the ventilation
system (schedules, type of open area, etc.) were collected. It should be emphasized that all selected homes use firewood
as the main heating fuel.

In order to estimate the energy consumption for heating, the methodology described in this section considers the field
data collected from household surveys. In other words, from the purchase of firewood units that people report using,
the energy consumption measured is estimated. To calculate the total annual energy for heating, Equation 1 is used.

E =LHV,*M (€Y

Where:
E : the annual energy consumption, in kWh/year
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LHVm  :lower heating value depending on the moisture content of firewood, in kWh/kg
M : mass, in kg

x . . ~
Map data ©2016 Google, Imagery ©2016 CNES / Astrium, Cnes/Spot Image, DigitalGlobe, Landsat

The heating value of firewood varies according to two factors: 1) the wood species and 2) the moisture content (w%) at
the time of combustion. For this study, eucalyptus was the most commonly wood species used. According to the
literature, the moisture content affects the heating value inversely. However, for this calculation, the LHVn is considered
constant for the values corresponding to the moisture content equal to or below 25%. Then, Equation 2 shows the
corresponding relationship between LHVm and w%, as shown in Figure 2.

LHV,, = 1.17 * (LHVy — 0.0476 * w) (2)

Where:

LHVm  :lower heating value depending on the moisture content of firewood, in kWh/kg
LHVo : lower heating value for dry firewood, 4.71 in kWh/kg

%w : moisture content of firewood, in percentage

Figure 2. Variation of heating value depending on the moisture content of firewood. Source: Self-Elaboration.
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During the study, the residents were invited to comment about the moisture content of firewood bought in 2013. To
facilitate the response, they had the possibility to choose among three levels of moisture content shown in the left
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column of the Table 1. The right column shows the humidity range corresponding to each level. These values were not
presented to residents at the time of the survey.

Table 1. Correspondence between levels and moisture content. Source: Compiled from Ministerio de Energia (n.d.)

Levels Moisture Content [%w]
Dry wood % w < 25
Semi-humid wood 25<% w<40
Humid wood % w > 40

The answers were complemented by queries regarding storage conditions and preferences of the firewood supply. In
addition, during the survey, the moisture percentage of the stored firewood was measured in each of the houses.

The values in table 1 were compared with the additional information obtained. Thus, the moisture content of the
firewood used for the calculation of LHVm was obtained. The values are presented in Table 2 of results. For calculating
the amount of firewood used annually, purchase units should be considered. The survey showed an inclination of the
residents to use stacked cubic metre (A unit used to measure volumes of stacked timber equal to one cubic meter
(35,315 cubic feet) (“Buying firewood? Don’t get burned! - Measurement Canada,” n.d.)) (stacked m3). On the other
hand, the purchase of this fuel was also carried out in sacks. According to the national literature consulted, on average,
a stacked m? weighs about 560 kg (John O’Ryan Surveyors S.A., 2011). Given the lack of information, this value is used
to calculate the amount of kilos of firewood in all cases studied and according to the data collected, these firewood bags
weigh around 40 kg (Rojo, 2016). In fact, obtaining these parameters has its difficulties, which will be discussed in the
discussion and conclusions section.

On the other hand, a classic calculation model elaborated in TRNSYS is used in order to evaluate the differences that
are obtained between the theoretical and measured energy consumptions for residential heating. This model includes
inputs and variables that are closely involved with residential energy consumption such as external climate, physical
characteristics of houses, internal gains and periods of both heating and ventilation typically employed in this area. For
these latest data, extensive national literature available was revised (Alvarado & Gonzalez, 2014; Bobadilla, Diaz,
Figueroa, & Arriagada, 2014; Bustamante, 2004; Bustamante, Cepeda, Martinez, & Santa Maria, 2009).

To estimate the energy consumption for residential heating, two points are mainly considered: 1) the amount of
firewood acquired during the year and 2) the moisture content of firewood.

As it was mentioned in the previous section, the most widely used purchasing unit is the Stere. 90% of the households
surveyed declared to buy stacked m3, while the remaining 10% purchase their firewood in sacks. For those 18
households that use stacked m3, the average purchase is 4.2 stacked m*® per year. While the two households that
preferred to buy their firewood in bags, namely D04 and D06, the consumption was an average of 41 bags per year
(Table 2).

Occupants are also consulted about the wood moisture purchased, according to the three categories: dry, semi-humid
and humid. According to the survey, 90% of households report having acquired dry wood, whereas only 10% indicates
having bought it semi-humid. These answers depend on the occupants' knowledge and perception of their firewood,
which makes it quite subjective. Consequently, the final results could be affected. This is why, along with the
questionnaire survey conducted in households, the moisture content of the stored firewood was measured, using a
firewood moisture meter.

The humidity detected in the firewood, at the time of carrying out the survey, coincided largely with the answers given
by the dwellers. This could be an indication that the occupants have a much clearer idea about the moisture content of
firewood that they purchase. This could reduce the degree of subjectivity in the final result. However, further studies
are needed to discuss the situation.

In order to calculate the amount of firewood for space heating, the LHVm is estimated according to the methodology
described above. On average, for all houses, the calculated amount corresponds to 4.01 kWh/kg. The average annual
firewood consumption calculated is 2,238 kg/year-home. Table 2 shows the values used to estimate the measured
energy consumption on the set of houses.
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Table 2. Database estimated to calculate residential heating consumption. Source: Self-Elaboration.

Surface Firewood consumption Weight
House [m?] Moisture content [%)] per year [kg]

D01 61.5 25 3.0 stacked m3 1,680
D02 78.1 25 5.0 stacked m? 2,789
D03 78.0 25 3.0 stacked m? 1,680
D04 79.0 25 50 sacs 2,000
D05 44.0 25 2.0 stacked m?3 1,120
D06 81.0 25 32 sacs 1,280
D07 86.0 25 6.0 stacked m? 3,360
D08 88.9 25 6.0 stacked m? 3,360
D09 58.1 25 3.0 stacked m? 1,680
D10 72.0 25 3.5 stacked m? 840
D11 66.0 25 2.0 stacked m?3 1,120
D12 68.0 25 4.8 stacked m3 2,688
D13 46.2 25 1.8 stacked m3 1,008
D14 82.6 41 6.0 stacked m?3 3,360
D15 74.0 49 4.0 stacked m3 2,240
D16 74.0 25 6.0 stacked m?3 3,360
D17 81.0 25 6.0 stacked m?3 3,360
D18 83.5 25 3.0 stacked m?3 1,680
D19 107.0 25 5.0 stacked m?3 2,789
D20 81.8 25 6.0 stacked m?3 3,360

In order to evaluate the accuracy of the values obtained in relation to the kilos of firewood used in the VIl region, the
National Socio-Economic Characterization survey (CASEN) of 2006 was employed. This survey is one of the few sources
of information about the amount of firewood used by houses for residential heating. According to the survey data,
households on average would use 2,663 kg/year per house. This value is quite close to the 2,238 kg/year per house
obtained in this research. For this reason, it is estimated that the values determined by this work are in the valid ranges
for the region.

Finally, using Equation 1, the annual energy for residential space heating can be calculated. The value varies between
48 and 187 kWh/m?year, with an average of 118 kWh/m? a year for the set of houses (Figure 3). Furthermore, the inputs

used in the classical model correspond to those shown in Table 3.

Table 3. Inputs inserted in a classical model. Source: Compiled from Bustamante et al. (2009).

Indoor temperature Daily Heat Period Yearly
[°C] [h] Heating Period [months]  Air infiltration rate [h 1]
17-20* 24 6 1

1Between 7h00 and 23h00 a constant temperature was set to 20 °C. While, between 23h00 and 7h00, this temperature
was set to 17 °C.

The inputs introduced in the classical model correspond to values normally used in the Chilean literature.

Finally, the values returned by classical model are presented in Figure 3, for each of the 20 houses modelled. The values
vary between 155 and 350 kWh/m?year, with an average of 253 kWh/m?2year for the set of houses.

As it may be appreciated, the gap between the theoretical and measured consumption is important in the set of houses
analyzed. In fact, the average gap established corresponds to 108% between both annual energy consumptions in
residential space heating. That is, the estimated values based on the classic model correspond to twice the estimated
value according to field data.
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Figure 3. Energy consumption for residential heating for a set of 20 houses in the city of Talca. Source: Self-Elaboration.
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As indicated in the Methodology section, one of the main challenges has been to calculate the consumption of firewood
used in residential heating. For this purpose, both heating value and kilos of firewood declared by the occupants were
employed. As indicated above, however, these two parameters have a degree of uncertainty due to the nature of the
data. On the one hand, the heating value of firewood is closely related to the humidity rate of the wood. On the other
hand, the multiple formats of purchasing this fuel such as stacked m*® and sacks, can bring important changes in the
guantity of kilos estimated for calculations.

To take into account the moisture of the firewood and to reduce the error in the LHV approximation, two different
approaches were followed. On the one side, the responses from the surveyed users on the humidity of the firewood
purchased were considered. On the other side, moisture content of firewood was directly measured in the field during
the surveys.

When comparing these two methodologies, it appears that people can easily recognize the amount of moisture (within
wide ranges such as dry, semi-humid and moist) in the firewood they will use on their heating system. While this
approach is still an approximation, there is currently no reliable method to better estimate the moisture content of
firewood that people buy and store.

In relation to the differences from the different firewood supply units, data from two sources were used (Universidad
de Concepcion, 2014; John O’Ryan Surveyors S.A., 2011). Subsequently, the results were compared with data from
CASEN survey 2006. In this way, you seek to validate the results obtained with the available external data. Nevertheless,
it is important to note that further research is required, because the information regarding the use of firewood in the
residential sector is quite limited.

Despite the difficulties faced, it is necessary to take into account these new data when current and future public policies
will be analysed. On the one hand, the fact that energy consumption is lower than expected (theoretical model) could
have an impact on the energy savings envisaged by the Chilean government. In fact, it is not possible to save energy
which has not been consumed (Sunikka-Blank & Galvin, 2012). On the other hand, given the poor energy performance
of the houses studied, it is assumed that the thermal comfort on households is precarious, which needs to be evaluated,
to take the necessary measures in order to improve the quality of life of these families.

Finally, some possible reasons for the gap between theoretical and measured energy consumption for heating in the
national context are given. On the one side, the impact of the increase of indoor temperature in households” budget.
On the other hand the different lifestyles that the occupants have (work schedule for example). Both could restrict the
use of heating system both daily and in the annual period.
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