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Abstract. All buildings, even the most passive, need active energy to provide habitability. Apart from heating
and cooling needs, which have been broadly studied and regulated, a significant percentage of the energy
consumed in housing is due to home appliances. Furthermore, this value is increasing as the design of
environmental conditioning becomes more efficient. The objective of this paper is to visualize the impact of these
consumptions by a graphical equivalence that uses drawing to represent the surface area of photovoltaic modules
that correspond to the energy demand. With this aim, a straightforward method is proposed based on graphical
means that fit well with the working practice of architects. The procedure starts by detailing the energy
consumption of a home, focusing on the consumption values of all appliances and lighting. Next, each single
value is converted into the surface area of photovoltaic modules required to produce this energy in one year.
Finally, each appliance and its corresponding energy production area are represented graphically side by side,
resulting in the housing energy equivalence. This method has been tested by a group of architecture master’s
students using their own homes as the case study. The results show that the energy equivalent surface area for
lighting and appliances represents between 8% and 46% of the floor area of their homes. Altogether, this
approach makes visible a pending question in sustainable building design — the consumption of electrical home
appliances — and provides rough graphical data which is useful for pre-dimensioning in the architectural design

process.

1 Introduction

The building sector is among those that contribute the
most to energy consumption and carbon dioxide produc-
tion worldwide. In 2018, 40% of the final energy
consumption in Europe corresponded to this sector: 14%
for services and 26% for households [1]. In the residential
sector, statistics show that this energy is primarily used for
space heating, space cooling, domestic hot water (DHW),
cooking, lighting and electrical appliances [1-3].

For some years, the energy demand of the building
sector has been constrained by a number of regulations
across Europe [4-6]. These rules focus mainly on reducing
the impact of heating, cooling and DHW, which represent
73% of the energy used in overall domestic consumption [2].
In non-residential buildings, lighting consumption is also
regulated.

However, other uses such as electrical appliances are
essential to make homes properly habitable. The energy
demand of these appliances is regulated individually by
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sectoral guidelines, which determine efficiency parameters.
Nevertheless, building design requirements do not regulate
the efficiency or number of appliances in households, and
consequently this decision is beyond the designer’s control.
Today, household appliances use 19% of the energy
consumed in the average home [2], however this percentage
is expected to gradually rise if the energy demands for
heating and cooling tend to decrease [7].

The energy demand for cooling and heating can be
reduced by incorporating passive strategies into the
building, however the demand from household appliances
does not depend on architectural design. Nevertheless,
buildings can influence the impact of the energy they consume
by incorporating their own renewable energy production
systems. One of these systems is photovoltaic energy (PV),
which has been used increasingly in buildings and urban
environments. For example, the number of self-consumption
PV installations in Catalonia has increased from less than
1000 units in 2017 to almost 14,000 in June 2021, most of them
vin the Barcelona metropolitan area [8], partially encouraged
by governments and administrations. PV systems are easy to
incorporate in buildings and urban elements [9], and enable
the decentralization of energy production.
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Solar modules overlay the building envelope and make
visible the impact of energy demand in buildings. Given
that the energy produced by photovoltaic panels relates to
their surface area, then the energy required to satisfy a
particular demand may be expressed directly in square
metres, in other words, in the same units of measurement as
those employed in architectural design. As a result of this
conversion, it is easy to determine the energy demand
covered with a certain area of solar modules or, vice versa,
the area of solar modules needed to cover a specific energy
demand.

The objective of this paper is to make a graphical
equivalence that uses drawing to represent the area of solar
modules needed to cover the consumption of a single
element, dwelling unit, or any particular type of energy
demand, and thereby making it possible to understand its
impact.

With this objective, the research uses a straightforward
method that depicts the energy demand of buildings by
establishing an equivalence between energy units and
dimensional units. This type of conversion is similar to
other ways of representing environmental impact, such as
the ecological footprint [10], the ecological rucksack [11] or
building energy labels [4,12,13]. All of them try to associate
a ‘graphical image’ with the environmental impact of a
certain activity.

This method fits well with the working practice of
architects as it is based on graphical terms. In this field, it
is essential to know the dimensions of all elements
involved in the design process. These can be found in
regulations, guides and handbooks [14-17] — one of the
most useful and widespread documents is Neufert’s
handbook Bauentwurfslehre. Handbuch fiir den Baufach-
mann, Bauherren, Lehrenden und Lernenden [17] since it
shows comprehensive architectural data with clear,
dimensioned graphics. The latest editions of this manual
have incorporated updated information such as the new
building services sections, which include solar energy and
renewable energy guidelines [18] — however, the dimen-
sions associated with energy demand have not yet been
included. The novelty of this paper lies in the fact that the
energy needs in households are expressed graphically, in
the same way that other elements are described in guides
and handbooks.

This method was put into practice by a sample of
Masters’ students specializing in architecture, energy and
environment at the Universitat Politécnica de Catalunya
(UPC). The results of their work provide a case study to
explain the graphical approach method, focused on the
energy demand of electrical appliances and lighting.
This method, like others carried out at postgraduate level
[19-21] has helped students to expand their knowledge and
consciousness of sustainability issues.

2 Methodology

The method used to produce this graphical equivalence is
divided into four parts that can be more or less extensive
depending on the data available.

2.1 Data collection

In the first stage, energy consumption data is required.
Here, there are two possible options: using published data
or collecting one’s own data sets. In the first case, data can
be obtained from various sources such as official reports,
energy audits, specialized publications and others. The
second option involves collecting data from existing
buildings by monitoring energy consumption or checking
electricity bills. The source that best fits the purpose of the
application will be selected. It is recommendable to get
detailed and real (not estimated) consumption data. The
more thorough the analysis of the distribution of
consumption, the more accurate the final result will be.

2.2 Data analysis

Once the detailed consumption of the unit of analysis has
been obtained, the results may prove to be uneven.
Therefore, at this stage, a numerical analysis will be needed
to calculate the average value for each single unit consumed
and the range of values. Apart from numerical analysis,
knowledge of the conditions in which consumption data
were obtained will help to discriminate those values that
fall outside the range.

2.3 Photovoltaic energy production data acquisition

The production of energy with PV systems can be
obtained either from calculations based on technical
specifications or from existing solar power systems
(production under real conditions). In both cases, the
nature of the data has to be considered. On the one hand,
production obtained from calculations represents an
estimated value. Although this can be adjusted for
foreseeable circumstances such as latitude or panel
orientation, other unforeseeable circumstances like dam-
age or lack of maintenance may affect the real measure-
ment and distance it from the estimated value.

On the other hand, the values obtained in real
conditions usually show lower production rates but are
better adjusted to reality. Therefore, it is desirable to find
the amount of energy produced per square metre of solar
modules in a location and position as similar as possible to
the case study. As with consumption data, the more closely
data from PV production is adjusted to reality, the more
reliable the conversion will be.

2.4 Graphical equivalence outline

The last step consists of directly converting energy
consumption into PV surface modules by using the
conversion unit previously obtained and applying it to
equation (1). The graphical equivalence (EE) can be
calculated by considering the energy consumption (EC) per
appliance or habitation unit, or by using any other defined
unit of analysis. The consumption values in square meters
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Table 1. Identification of the studied homes with their surface (m*) and number of inhabitants.
Id. Case 1 2 3 4 5 6* 7 8 9 10 11 12 13
Surface (mz) 41 97 80 43 45 22 43 80 103 45 59 52 97
Number of inh. 2 4 2 2 3 1 2 3 3 2 5 2 3
Id. Case 14 15 16 17 18** 19 20 21 22 23 24 25 26
Surface (mz) 85 65 53 75 73 85 93 66 40 80 110 35 33
Number of inh. 2 2 3 3 5 4 4 4 2 4 3 2 1

" Flat divided into 22 m? lofts.
Family home with one child.

Table 2. Total annual electricity consumption per household (kWh /year), per square meter (kWh/m?- year) and person

(kWh/pers - year).

Id. Case 1 2 3 4 5 6 7 8 9 10 11 12 13

kWh/year 3234 1750 1375 1726 2710 968 731 4960 1347 2179 2994 1212 1878
kWh/m?- year 80 18 17 40 60 44 17 62 13 48 51 23 19
kWh/pers-year 1617 437 688 863 903 968 365 1653 449 1090 599 606 626
Id. Case 14 15 16 17 18 19 20 21 22 23 24 25 26

kWh/year 945 754 991 1287 1300 3575 1377 4224 1866 3018 1264 2693 1908
kWh/y -m? 11 12 19 17 18 42 15 64 47 38 11 77 58
kWh/pers-year 473 377 330 429 260 894 344 1056 933 754 421 1347 1908

are then represented on plan, where they can be compared
with architectural dimensions.

EC
EFE =— 1
where EE—=Energy BEquivalence (m?); EC=Energy
Consumption (kWh/year); FEP=Energy Production

(kWh/m?- year).

3 Case study

The case study is composed of a sample of 26 dwellings of
masters’ students between 25 and 30 years old from
different countries. All of them were architects studying
the omne-year specialization Architecture, Energy and
Environment of the Master’s Degree in Advanced Studies
in Architecture-Barcelona (MBArch-UPC) between 2018
and 2021. They lived away from their family residences in
shared or individual apartments, which implies a different
user profile compared with a family home. In this situation,
life tends to be more individual which may influence the
distribution and weighting of detailed energy consumption.

Each student obtained the electrical appliances and
lighting consumption data from their homes, analysed it,
and depicted the corresponding graphical equivalence. The
list of homes is shown in Table 1 with the surface and the
number of inhabitants of the apartments.

4 Methodology application and results

The following steps show the results of this method as
applied to the case study. Each step is also explained with

the particular circumstances in which the students

developed it.

4.1 Data collection

The energy consumption data used to apply this method
was gathered by the students. They obtained this
information from their homes during a period of three
weeks, focusing on lighting and home appliances. The
source of data was diverse, depending on the element or
system considered:

— Measured data with power meters during a specific time
period; used in single home appliances;

— Calculation based on estimated usage hours and power
data from appliances’ technical datasheets, when it was
not possible to use power meters;

— Readings on home electricity meters; used to obtain the
total amount of energy consumption in a fixed period of
time;

— Electricity bills; which show the energy consumed during
the billing period (usually, one month).

Given that each student had different housing
conditions, the available means of obtaining data was
not always the desired option. The data collection is
therefore adapted for this and is reflected in the results.
Therefore the more appliances that have been individually
measured with power meters, the more accurate and
reliable the results will be.

The results of the total electrical consumption, listed in
Table 2, show a certain dispersion caused by the variety of
situations considered (the values range evenly from 731 to
4960 kWh /year). It is worth mentioning that the uses and
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Fig. 1. Total annual electricity consumption per household (kWh/year), pooled by covered uses.

elements which used electricity were different in each case.
As shown in Figure 1, these were categorised into four
groups:

— Lighting, appliances, cooking, water heating;

— Lighting, appliances, cooking;

— Lighting, appliances, water heating;

— Lighting, appliances.

In Spain, according to the Institute for the Diversifica-
tion and Saving of Energy (IDAE) [22], the annual energy
consumption per dwelling in multifamily housing is
2065 kWh/year for appliances (including standby) and
397 kWh/year for lighting, which gives a total of
2462 kWh/year. This value corresponds to the uses
depicted with red bars in Figure 1, which ranges from
598 to 3575 kWh/year, with an average of 1314 kWh /year.
The variation in values can be the result of: the floor
area of the apartment, the number of people, the
lifestyle and income of inhabitants, the efficiency of
appliances, etc. [23].

Apart from the total value, each student drew up a
table of consumption for home appliances and lighting
broken down which is depicted later on.

4.2 Data analysis

The analysis focuses on obtaining the average consumption
which makes up for the higher and lower values of the
sample, covering all situations in the range. The average is
calculated for each category in order to obtain a
representative energy consumption per element.

The data obtained, which reveals some dispersion,
was put together in a graph (Fig. 2). It shows a maximum
of 26 values for each category (depending on the number
of students who listed it), along with the calculated
average value. The consumptions analysed are: refriger-
ator, washing machine, television, computer/laptop,

dishwasher, oven, router, and mobile phone. Another
category corresponding to other electrical appliances
was also considered. This is a very large group
containing numerous electrical and electronic devices
of different natures, most of them corresponding to
kitchen uses (for example, toaster, coffee maker, mixer
or kettle), bathroom uses (for example, shaver, hair dryer
or electric toothbrush) and other uses. The list also
contains energy consumption for lighting. The values
offered by the IDAE [22] are also shown as a reference.
The categories are put in order from maximum to
minimum according to the consumption value offered
by IDAE.

To summarize the data, Table 3 shows the average
value along with the median, the maximum and minimum
values obtained for each category. The categories with a
zero value were not considered in the numerical analysis.
From the results obtained, it was decided to use the average
value to make the graphical equivalence, as it better covers
all the situations within the range.

This step was not applied in the same way in the
exercise developed in class. In this case, the sample of
values comprised other students of the same year, so the
analysis consisted of the validation of their own results
using those from their fellow students to verify reliability
and to identify possible misleading values.

4.3 Photovoltaic energy production data acquisition

The data on photovoltaic energy production applied to this
methodology was acquired from installations located in the
city of Barcelona. It was provided by Grup TERSA
(Tractament i Seleccio de Residus, S.A.), a public company
specialized in the management of environmental services,
including the generation and commercialization of renew-
able energy.
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Fig. 2. Annual electricity consumption per element/category (kWh/year). Case study data collected (black); case study average (red

dot); IDAE reference values [22] (red circumference).

Table 3. Average, median, maximum and minimum annual consumption values listed per category (kWh/year).

Average Median Minimum Maximum
(kWh/year) (kWh/year) (kWh/year) (kWh/year)
Refrigerator 346 269 169 700
Washing machine 129 116 2 512
Television 93 41 6 411
Computer /laptop 114 88 5 403
Dishwasher 130 125 43 240
Oven 76 53 11 208
Router 101 81 26 350
Cell phone 24 11 2 119
Other home appliances 237 146 4 551
Lighting 273 180 39 597

The production data corresponds to one-year genera-
tion values from 44 PV facilities located in Barcelona. In
2019, these systems produced 1451 MWh. According to the
municipality, this energy is supplied by 9898 m” of PV
panels [24].

In order to obtain a representative production value per
surface unit (kWh/m?), the relation was calculated in each
photovoltaic facility. After discarding two incoherent
values, the results show an even distribution of unitary
energy production per system (Fig. 3). The final weighted
average, considering the total PV area, is 144 kWh/m”.
This value was chosen to depict the graphical equivalence
in the following step.

The students applied the methodology before having
TERSA data. Therefore, they developed this exercise using
the PV production value from a single installation in
Barcelona that has been registering data for the last
20 years. The production value used was 110 kWh/ m?.

4.4 Graphical equivalence outline

The last step and the objective of this method is
represented by the graphical equivalence of the electrical
energy consumption. It consists of depicting the PV surface
area needed to meet the energy consumption of the
elements or uses considered per home unit. The conversion
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Fig. 3. PV production value per surface unit (kWh/m?) in 42 photovoltaic facilities located in Barcelona. Own elaboration based on

data from TERSA and [24].

in square meters has been made individually, according to
equation (1), for the 8 main home appliances and 2 groups:
other appliances and lighting. Their equivalent PV surface
production is depicted side by side with the element
considered, both at the same scale (Fig. 4). The values
employed to determine the graphical equivalence are the
annual average consumption calculated in Section 3.2
and the annual PV production obtained in Section 3.3
(144 kWh/m?).

In the case developed by the Masters’ students, they
each represented their own detailed consumptions appli-
ance by appliance. They also depicted the PV area required
to meet the total electrical energy consumption of the home
alongside the floor plan. In all drawings, the same scale was
used in order to be comparable with architectural
dimensions. An example is shown in Figure 5.

From the results, the proportion of the dwelling’s floor
area needed to cover the energy consumption of electrical
appliances and lighting of students’ homes ranges from 8
to 46% (20% on average). It is worth highlighting that the
indicated values are the minimum physical surface area
needed to obtain the required average annual energy.
Peak power has not been considered, as well as
other processes like transformation-retransformation,
and controls.

5 Discussion

The graphical equivalence is the final step of this method,
providing the visible representation of energy units in the
context of architecture. The interpretation of the results is
determined by the source of the data, both in the case of
consumption data and PV production.

Regarding the consumption data, it is worth noting
that although the selected sample shows a certain
uniformity in the type of dwelling (all of them are student
flats), this uniformity is not reflected in the results. The
dispersion on the electrical appliances and lighting
consumption, from 598 to 3575 kWh/year, can be
explained by the wide range of efficiency of the appliances
and the different number of people and their habits.

Compared with other consumption data reports in
Spain [3,22], the values of this study have proven to be
much lower. This is also the case with all the elements
studied, with the exception of the group of other electrical
appliances, which has much higher consumption than
national reports. It has not been possible to precisely
determine the causes of this discrepancy. Possible
explanations could be the time gap between the data
compared and the fact that the sample in the case study is
composed only of students.

Beyond the differences, it is worth emphasizing the
importance of the values collected, which were gathered by
the students themselves and constitute consumption
values for their well-known domestic environment. There-
fore, it constitutes a valuable and contextualized reference
about household energy values. In addition, they can
compare their own values with any other reference, from
either their classmates or reports.

In terms of PV production, it is valuable to have data
from real systems in a similar situation instead of purely
theoretical estimates. The value used is local and cannot
be extrapolated. Also, it should be updated from time to
time to include future improvements in PV efficiency. The
numerical equivalence used here comes from a wide range
of real measurements and has been updated with respect to
the initial values used by the students.

Finally, the resulting graphical representation offers
two approaches. On the one hand, it shows a summary with
the dimensional needs to supply electricity detailed by
appliances. Thus, the area depicted for the appliances
analysed ranges from 0.17 m? to 2.4 m®. On the other hand,
it allows the graphical comparison between the floor area of
a dwelling and the area needed for the energy production of
its electrical appliances. On average, the PV surface
depicted by the students is equivalent to 20% of the floor
area of their home (ranging from 8 to 46%). Based on this, if
the roof alone was used for energy production, the building
could meet the electricity demand of at most 5 floors.
However, it must be taken into account that these
consumptions represent only a third of total domestic
energy consumption.
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Fig. 4. Graphical energy equivalence of lighting and the main home appliances in the case study.
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Fig. 5. Example of housing energy equivalence at dwelling scale. Source: [25].

6 Conclusions

This method has described a procedure to provide a
graphical representation of energy consumption (or
demand) in homes, focusing on electrical appliances and
lighting. Its relevance lies in the fact that it makes it
possible to visualize energy in a tangible way. Usually,
energy is expressed with numerical data, making it difficult
to perceive its impact. Drawing a correlation between
energy and dimensional units helps to visualize this impact
through common architectural units. It is especially
valuable in the case of electrical appliances, which remain
beyond the scope of architectural design, but play an
important part in the total energy consumption of homes.

The values obtained for electrical home appliances and
lighting show that, even though the case study was
composed of similar types of dwellings, user habits
influence energy consumption, and when analysed may
give wide ranges of values. The consumption values for
lighting and other home appliances in the case study
ranged from 598 to 3575 kWh/year, with an average of
1314 kWh/year, which is 47% lower than the values of the
main Spanish report for the same uses.

As aresult of the collection and analysis of consumption
data using this method, two aspects have arisen. First of

all, the sample selected for the case study has great
influence on the results, since it affects the patterns of
consumption. Secondly, the specific application of the
methodology in the first stage, that of data collection, also
influences the result, as it can be more precise and realistic
or estimated depending on the availability of bills, energy
meters or other sources. Hence, it is important to bear these
aspects in mind in order to interpret the results correctly.

Regarding the PV production obtained, it is of
particular note that the paper offers a reliable reference
value (144 kWh/m?-year) that can be extrapolated to
other studies in the Barcelona area.

The results presented are useful for determining the PV
surface area needed to cover electrical demand in homes. It
can be applied to the usual appliances one by one, or to the
unit of habitation considering the typical equipment
needed. In fact, the main contribution of this paper is
the depiction of energy consumption with scale drawings,
similar to one of the most widely used manuals, Neufert’s
handbook, but in the field of energy.

The exercise developed in class has broadened students’
knowledge of energy use, demand, and consumption while
visualizing the spatial requirements for energy production.
Despite the fact that rough data is used, the drawings
represent the order of magnitude of these consumptions.
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The results of the work presented show that one fifth of the
floor area is needed to cover the energy consumption of
electrical appliances and lighting in homes.
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