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Abstract: Energy balances have been historically conceived based on a supply-side perspective,
providing neither detailed information about energy conversion into useful services nor the effects
that may be induced by the application of policies in other sectors to energy consumption. This
article proposes an approach to a thorough assessment of the impact of efficiency policies on final
energy uses, focusing on residential space heating and cooling, and capable of: (1) quantifying final
useful services provided and (2) accounting for the global impact of efficiency policies on final
energy use, taking advantage of Input-Output analysis. This approach is applied in five cities of
Argentina. Firstly, the quantity of energy service provided (i.e., level of thermal comfort) for each
city is evaluated and compared with the defined target. It is found out that heating comfort is
guaranteed approximately as established, whereas in the cooling case the provision is twice the
established level. Secondly, primary energy consumption of heating and cooling services is
evaluated before and after different efficiency improvement policies. The results show that the
major primary energy saving (52%) is obtained from the upgrading appliances scenario and reflect
the importance of accounting for embodied energy in goods and services involved in interventions.

Keywords: energy services; heating and cooling; energy efficiency policies

1. Introduction

In recent years, great efforts have been made by different countries to increase the efficiency of
energy systems in order to reduce emission wastes, local pollutants and greenhouse gases. In the
global efficiency of energy systems, final consumption plays an essential role which, according to the
International Energy Agency, may actually set the basis for making several improvements in terms
of energy efficiency [1]. The implementation of policies on energy efficiency regarding final
consumption provides governments with a challenge since, unlike supply, consumption sectors have
been historically left aside, particularly in developing countries. Traditional approaches to energy
system analysis are still largely supply orientated, i.e., focusing on the management of energy
conversion, production and distribution, and the final use of energy in the form of energy carriers
[2]. The main challenge consists in giving an integral overview of both primary resources and the end
of the energy flow [3], thinking of overall energy system efficiency as the benefits or services that
systems provide in relation to the primary energy resources involved [4]. Under this approach, final
consumption is as important as all the other stages (production, transformation, transport,
distribution) in terms of public energy efficiency policies [5]. So, in order to improve final
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consumption efficiency, it is first necessary to have detailed information about it, and to integrate
that information to the entire energy system analysis [6].

Energy balances are the backbone of energy system analysis, and because of the history of their
development, the currently adopted balance methodologies are made from the supply perspective,
without detailed treatment of consumption data [7], as this aspect was originally felt to be outside
their scope. In particular, they do not quantify benefits obtained from energy use (i.e., energy
services) [8,9] and they do not reflect the relationship between consumption sectors (i.e., embodied
energy in goods and services). Hence, they have great limitations regarding the information provided
about final use, constituting an important barrier to the implementation of end-use energy efficiency
policies.

Therefore, it is necessary to develop information systems for complementing current energy
balance methodologies, providing detailed information about final consumption that is capable of
quantifying energy services, and reflecting the interaction between different consumption sectors in
order to assess the real primary resources involved in the provision of certain amounts of energy
service. In addition, these methodologies must be easily applicable, relying on simple and available
data as inputs, and providing comparable results when applied in different countries or regions.

The objective of this research is to propose an approach to complement traditional energy
balances by including final energy service stages (here focusing on space heating and cooling
services), and to assess the economic and environmental impacts of efficiency policies and
interventions at a nationwide scale. Firstly, the provision unit is presented to quantify the energy
services (i.e, a measure of the quantity of energy service provided), and for its definition,
technological aspects and climatic and socioeconomic conditions are considered (in the same way
that certain conditions must be specified when defining a physical unit of measurement). Secondly,
Input-Output analysis is suggested as a suitable approach to assess the overall impact due to energy
efficiency improvements in final consumption (e.g., energy policy interventions, technology shifts,
etc.), considering the direct and indirect economy-wide effects caused by the proposed improvement
[10].

The methodology is then applied to a case study in Argentina, defining heating and cooling
provision units of five of its major cities so as to truly reflect different climatic and socio-economic
situations: Rosario, Mendoza, San Carlos de Bariloche, San Miguel de Tucuman and Buenos Aires;
determining their coverage level (i.e., the quantity of energy service actually guaranteed in each city);
and finally assessing the change in nationwide primary energy consumption due to final use
efficiency improvement scenarios.

In Argentina, the correlation between energy consumption and GDP is still high, which shows
the country’s small incursion into energy efficiency [11]. Furthermore, the primary energy supply
matrix is approximately 86% fossil fuel, so energy efficiency policies could lead to a significant
reduction in greenhouse gas emissions [12]. Since 2002, subsidies have acted as the main barrier to
end-use energy efficiency policies [13], there is poor regulation [14] and the lack of information
prevents effective policies from being established [15]. Building codes do not require isolation
standards (with some exceptions, such as in Rosario since 2012 and recently in Buenos Aires,
Olavarria) [16]. The lack of regulations and subsidies has led to very high thermal requirements, and
in cold areas, energy consumption for space heating is several times the consumption in European
cities with a similar climate [17]. In 2018, the national building certification program was launched
with the aim of establishing a certification process for the entire country. So far, pilot tests for building
certification have been carried out in seven locations [18]. This research contributes to the attempts
and advances in assessing the benefits of energy use, and the primary energy requirements associated
with such uses. The main novelty of the proposed methodology is that it can quantify primary energy
resources involved in the provision of a certain amount of energy service and assess overall impacts
due to energy efficiency improvements in that provision as well. Moreover, the application of the
methodology is rather simple as it only requires commonly available statistical data with no need for
additional surveys or data collection.
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The rest of the article is organized as follows: in Section 2, a literature review is presented; in
Section 3, the novel methodology is formalized, while in Section 4 reference data and assumptions
are established and final consumption scenarios are defined for the application in Argentina. The
results are then presented in Section 5, and Section 6 summarizes the final conclusions and remarks.

2. Literature Review

In this section, a brief literature review is presented, related to four main areas: (a) energy
efficiency indicators, (b) energy service quantification; (c) extensions of energy balance and (d) energy
accounting based on Input-Output methods.

Energy efficiency describes the ratio between the benefits gained and the energy used. Irrek and
Thomas distinguish different approaches concerning energy efficiency: macro-economic; energy
conversion between supply and provision; end use on the demand side and energy efforts of the
human body in household production of the caring economy [19]. Oikonomou et al. define efficiency
as the ratio between energy input and output services that can be modified with technical
improvements (e.g., technology substitution) and differentiate it from the concept of energy saving,
linked to human behavior [20]. Patterson defines a series of indicators used to measure energy
efficiency from a physical and economic perspective, focusing on the energy consumption caused by
each segment of the national economy, concluding that more attention needs to be given by policy
analysts to manage this concept [21]. Tanaka explores different ways to measure energy efficiency
performance: absolute energy consumption, energy intensity and the diffusion of a specific energy-
saving technology or thermal efficiency [22]. Haas defines energy efficiency indicators for the
residential sector, considering key factors for their normalization and comparison, concluding the
need for more disaggregated indicators and lifestyle studies [23]. In that sense, Pérez-Lombard et al.
revise the main methodological problems for the construction of energy efficiency indicators and
propose a sequence of actions to tackle these problems in an ordered fashion: establishing the service
quality, identifying aggregation levels on the efficiency pyramid, defining a magnitude for
consumption measurement and choosing a suitable magnitude to quantify the service provided [24].

The most widespread energy efficiency indicator is the energy intensity of a country, defined as
the primary energy needed to generate a unit of gross domestic product [25]. Little can be said, on
the basis of that ratio, about why energy use for any sector has reached a certain level, how efficient
that use is, or why use varies so much between otherwise similar countries [26]. In that sense,
Schipper et al. review a series of sectorial indicators and exemplify 14 countries based on six sectors
of energy use. With the same approach, the International Energy Agency presents a decomposition
analysis with the aim of identifying the causes of changes in energy demand, by separating the role
of activity and structural changes to isolate changes in energy intensity due to energy efficiency [8].
The decomposition analysis of energy consumption is also considered in the Odyssee-Mure Project
as a tool to contribute to the evaluation of national energy efficiency policies and analyze the keys to
their successful implementation [27]. Elsewhere, the Eurostat methodology for statistics on energy
consumption in households [7] refers to a list of relevant variables that shape consumption (e.g.,
demographic and social variables, dwelling variables, energy technologies).

Regarding the energy service concept, its definition is not unified in the academic field. Fell
reviews different uses and meanings in the literature, highlighting the disparity of approaches to it
[28]. The same conclusion is obtained by Kalt et al. after reviewing the energy service concept in
different areas, and consequently propose the Energy Service Cascade Framework for establishing a
more consistent understanding of how energy use contributes to human well-being [29]. Different
energy service definitions can be grouped into three categories: (I) those which refer to useful energy
(e.g., heat, available work, etc.), as proposed by Sorrell “We define energy service as the useful work
obtained by energy consuming” [30]; (II) those which refer to some kind of benefit, exemplified in the
definition “Energy services are the benefits that energy carriers produce for human well-being” [31]; and
finally (III) those which refer to a result of energy conversion or a combination its use with technology and
use as proposed by Fouquet “Energy services refer to the services that are generated from consuming energy
combined with appliances” [32]. Several pieces of research involving different energy service meanings
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can be cited, for example: Sovacool (group I) identifies how energy services differ according to sectors
and income, concluding that focusing on energy services reorients the direction of energy policy
interventions [33]; Cravioto et al. (group II) explore the link through such a concept by analyzing how
17 predictors associate with six dimensions of energy service satisfaction in two income groups in
Mexico [34]. Cullen et al. (group III) trace the global flow of energy, from fuels through to the final
services, and focus on the technical conversion devices and passive systems in each energy chain.
They introduce the term passive system as the last technical component in an energy chain [4]. This
concept of tracing energy flow through to final services was first explored by Nakicenovic and co-
authors in the early 1990s [35-37]. They introduce the term service efficiency, defined as the provision of
a given task with less useful energy (the output from conversion devices) without loss of service. In the same
way, Florez-Orrego et al. present a comparative exergy and environmental analysis of vehicle fuel
end use in Brazil, and consider that a car is a product used to deliver a transportation service, i.e., the
physical movement of a material over a distance within a given time [38].

Regarding the extension of energy balances to the useful stage, previous works can be divided
in two main groups: societal exergy analysis and extended exergy accounting. The societal exergy
analysis emerged based on the works of Reistad, Wall and Kiimmel [39-41]. Ayres et al. study
physical flows in endogenous growth models, the role of physical work in economic growth [42,43]
and the impact of resource consumption and technological change on economic growth [44].
Serrenho standardizes the allocation of final energy to useful exergy categories [45], while Brockway
improves the accuracy of exergetic efficiency estimates [46]. The extended exergy accounting,
conceived by Sciubba [47], consists in the evaluation of the total equivalent primary resource
consumption in a generic system [48]. An extensive review of extended exergy accounting is carried
out in [49].

The use of Input-Output analysis (IOA) for analyzing relations between the economy and
environment has increased in recent years [50]. Currently, IOA is a widely adopted method for the
classical study of different economies and environmental impact analysis [10]. In the energy field,
IOA is a powerful tool to account for the energy directly and indirectly consumed by households (i.e.,
the energy embodied in goods and services) under a consumption-based approach (CBA) [51]. Chen et
al. compare IOA with two other methods for urban energy use in Beijing, highlighting the different
perspectives and results [52]. Other studies compare CBA based on IOA versus a production-based
approach (PBA) for Chinese industries [53] and the South African economy [54]. Owen et al. contrast
two different modes of energy resource allocation for the UK, showing that extracted energy and
used energy allocation vectors produce similar estimations of the overall energy consumption
accounting [55]. Besides, IOA is also used for understanding energy embodied in interregional
consumption and trade, for example, China’s construction industry [56] and energy flow structure in
China’s regions [57]. Rocco et al. formalize international trade treatment methods in IOA and apply
it to a case study based on the World Input-Output Database [58]. Recently, Heun et al. proposed a
physical supply-use table energy analysis framework from which the IO structure of an energy
conversion chain can be determined and the effects of changes in final demand can be estimated [59].

To sum up, the review of the literature indicates the following fundamental aspects: the necessity
of complementing traditional energy balances with information about final and useful energy
consumption stages; the need to unify the energy service concept; the need to define methods to
quantify energy services in order to measure the benefits obtained from energy use; the need to
integrate such extended energy statistics with Input-Output methods and models to provide an
economy-wide assessment of expected policy impacts.

3. Methods and Models

This section introduces and formalizes an approach to quantifying energy services and assessing
the impact of expected policy shocks at a country-wide scale. The proposed approach is based on the
extension of traditional energy balance to energy services, quantifying them by means of the
provision unit concept, and on the link between the extended energy balance and a meso-economic
Input-Output model. This approach enables us to assess the sectoral primary energy requirements
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before and after improvements in final use efficiency. The formalization is here presented for heating
and cooling services as part of residential final consumptions, but it can, in principle, be extended
and generalized to other energy services as well.

3.1. Provision Unit Definition and Evaluation

The generation of a heating or cooling provision unit can be conceptualized as a process (Figure
1), whose input is thermal energy (in any direction) and whose output is the thermal comfort state energy
service. For obtaining that thermal comfort, the amount of thermal energy required will be
conditioned by non-energetic factors such as the type of building, envelope characteristics, climate and
other exogenous variables, i.e., passive systems [4].

Thermal comfort
energy service

Useful energy

v

Process

?

Non-energetic factors

A 4

Figure 1. Useful energy — provision unit.

3.1.1. Definition of Heating and Cooling Provision Units

The heating and cooling provision units PUy.,p;; PUcep; (KWh/p) are defined as the necessary
useful energy for guaranteeing the thermal comfort of a person (i.e., energy service), under pre-
established climatic zone conditions cz, ; cz., comfort conditions c¢,; ¢, and the socio-economic
condition se during heating and cooling periods. Expression (1) shows the mathematical
formalization.

PU, ., =cz,-¢,-se
PU_, =cz c -se (1)

c;obj

Comfort conditions cy; ¢, account for the level of comfort provided. They consider the number
of comfort days guaranteed Deomf;n; Deomsie (0r the number of equivalent days if the comfort profile
is defined in hours), the total number of heating or cooling days of the i-th month D; and the total
number of months M,; M. of the heating and cooling period correspond to the climatic zone
condition (2). The determination of Dgopf;n; Deoms,c must be done considering short-term economic
indicators (e.g., employment, inflation, energy prices, family spending, confidence) or quantifying
cultural characteristics (e.g., by means of surveys).

_ comf ;h . _ D comf ;¢

&, @

The socio-economic condition se (m?/p) takes into account the level of structural well-being of
a population and its housing standards. It takes into account average values of building floor area A
(m?), the fraction of conditioned floor area a and building occupancy 0 (p) (3).

se=— (3)

While the comfort condition shows characteristics of rapid variation, the socio-economic
condition reflects the structural and long-term standards of a population. Because of this, they must
be considered separately [60]. Furthermore, the socio-economic condition assumes the same value
for heating and cooling cases.

Climate zone conditions czy; ¢z, (kWh/m?) show the climatic zone characteristics. They are
calculated as the thermal requirement of a building archetype for all the heating and cooling periods.
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A building archetype consists in an abstract entity that enables an energy requirement calculation in
different locations, in order to capture distinct climatic zone characteristics. Because of this, the
building archetype must be unique for all the cities of the country or region being analyzed,
consequently leading to comparable results. There are several ways to establish the building
archetype, and local advisors are in charge of doing so. It can be a real building, or defined by specific
thermal properties on a per square meter basis instead, according to Table 1. For thermal energy
requirement determination, both heating and cooling comfort temperatures O.omr.n; Ocoms;c (i-e., set-
point temperatures) are also needed. There are several methods of thermal energy calculation, and
the adoption of national energy performance labeling procedures is suggested for this purpose. A
simplified method based on ISO 13790:2008 [61] is presented in Appendix A as a suitable alternative
for those countries that have not developed such procedures yet.

Table 1. Building archetype-specific thermal parameters.

Symbol  Unit Description
S/A m?/m? envelope—floor area ratio
b ) average adjustment factor that considers temperature of adjacent
zones
U W/m?K opaque envelope average transmittance
Uy, W/m?K transparent envelope average transmittance
e - percentage of transparent envelope over total
a - opaque envelope average absorption coefficient
g - transparent envelope average transmission coefficient
Hingn  W/m?K specific ventilation heat transfer coefficient for heating period
Hing.c W/m2K specific infiltration heat transfer coefficient for cooling period
Th h time constant of the zone for heating period
T, h time constant of the zone for cooling period

Figure 2 schematizes the input variables for calculating cz, ¢ and se and the role of the
building archetype in the determination of provision units.

Comfort CniCe

D —_—
coms condition

A R

0= i se
0 —_— Soc'goi(;‘:;omlc f(c;se;cz) > PUL; PU,
a —> 1

Climatic zone CZp; CZ¢
condition
Oextsi =
I; B ——
0, T T Building archetype
comt W;Uy; @ ...)

Figure 2. Provision unit definition: input variables for calculating comfort condition, socio-economic
condition, climatic zone condition and building archetype role.

Once the provision units for heating and cooling in different cities are established, it is useful to
define a location as a reference location for comparison purposes. Thus, reference provision units
PUy,opj;0; PUciopjo are calculated for the reference city.
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Although the building archetype determines the value of cz, its introduction is just a tool that
makes calculation possible. The relationship between a climatic zone condition and the reference one
cz/cz, should be insensitive to building archetype parameters, in order to affirm the method
robustness. Considering € as any parameter of the building archetype, and p as a superior limit that
is as small as desired, Expression (4) should be verified for the most relevant building archetype

parameters.
a(@/ )
cz, A

o

(7)

&
<p (4)

3.1.2. Provision Units, Energy Requirements and Consumptions

By defining provision units, a new unit of the measure of energy services is available. Thus, a
deeper analysis of final consumption can be carried out in order to understand the drivers of
secondary energy consumption and to compare the quantity of energy service guaranteed in different
locations as well.

It is worth noting that consumptions and requirements both refer to energy, however, real
consumption E (measurable) will not be necessarily equal to theoretical requirement E (estimated
by calculation methods). The most immediate differences are produced by uncertainties in the
theoretical model and in the parameters involved. In addition, there exist other causes of differences
between consumption and requirement. Considering an ideal case in which energy requirement
calculation predicts consumption exactly, there are three possible situations that could lead to
dissimilarities between requirement and real consumption related to provision unit j. (see Figure 3):

1. Differences in the provision unit (PU; # PUj,,p;): equipment efficiencies are equal to the reference
ones, the thermal characteristics of buildings are the same as those adopted for the building
archetype, but the provision unit defined for the location is not totally guaranteed or is
excessively guaranteed.

2. Differences in useful energy (E,;; # E,,;;): equipment efficiencies are equal to the reference ones,
the thermal characteristics of buildings are different from those adopted for the building
archetype, and the provision unit is guaranteed exactly as defined for the location.

3. Differences in secondary energy (carrier) (Ese, j # Esec;j): equipment efficiencies are different
from the reference ones, the thermal characteristics of buildings are equal to those adopted for
the building archetype, and the provision unit is guaranteed exactly as defined for the location.

Consumption
Esec, J E u,j PU;
3 Av.erage o Avgrage s
equipment building
Requirement
see) Reference o | Building Jobj
equipment “| archetype

Figure 3. Possible situations that could lead to dissimilarities between real consumption and
theoretical requirement: differences in provision unit, useful energy or secondary energy.

3.1.3. Energy Balance Extension for Heating and Cooling Uses

Provision units can be coupled with traditional energy balances. Figure 4 shows an energy flow
diagram from the energy system to the provision unit j (PU;). Thus, for the extension proposed,
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equipment efficiency 7,,; and context efficiency 7n.,; must be defined. The context efficiency relates the
non-energetic provision unit (i.e., quantity of energy service) with the useful energy needed to produce
it. Although it does not relate two energies, it is formally like an efficiency.

Equipment Context S
Ne,j Euj Ne,j PU

A 4

A 4

Energy system

E sec,j

Figure 4. Extension of the energy balance for the j use: secondary energy, useful energy and provision
unit.

In order to determine context efficiency, a comparison between the population average building
and building archetype must be made (for heating and cooling provision units separately). The ratio
between the climatic zone factor calculated with the building archetype cz;(building_archetype)
and the factor calculated with the average building cz;(average_building) is a suitable way (5);
nevertheless, local advisors could also develop other mechanisms for characterizing buildings’
thermal properties and arrive at a dimensionless context efficiency value as well (Expression (5) could
be larger than one, meaning that the building archetype would need more thermal energy with
respect to the average building to guarantee the established comfort in a considered climatic zone).
Equipment efficiency can be obtained from traditional useful energy balances or energy surveys.

_cz;(building _ archetype)

M) ®)

cz;(average _building)

Once the provision unit j for the location PU;,p; has been established, and knowing secondary
energy consumption associated with that use Eg,;, it is possible to calculate the real provision unit
PU; and its coverage factor CF; according to Expressions (6) and (7). In the same way, once reference
values for context and equipment efficiencies have been adopted, secondary energy requirement Eg,;
can be obtained according to Expression (8).

PUj =E<ec;,'775;,'77ﬁ-;j (6)
cr =Y
= @)
' PUi;ubf
PU .,
Esec:j = # (8)
775;/‘;077u;/;0

Coverage factor gives evidence of the level of energy service guaranteed, and it can be used as a
quantitative proxy for indicating the benefit gained from the energy system.

Expressions (6) and (7) assume a single energy carrier for the considered use. In case a provision
unit is obtained from many carriers, new efficiencies and conversion factors should be calculated as
weighted averages based on each carrier participation (e.g., a heating system operating with natural
gas and electricity).

3.2. Assessing the Effects of Policy Interventions Based on Input—Output Analysis

Expressions (6) and (7), as extensions of traditional energy balances, allow us to know the
necessary secondary energy for a provision unit and, by means of an upstream analysis, the primary
energy involved in a provision unit can be calculated. However, this result will not show the indirect
energy consumption of household energy supply. Besides, it does not account for changes in primary
energy consumption due to end-use efficiency improvements: this is because such an extension does
not encompass the primary energy contributions indirectly required to support the production of
goods and services (i.e., the embodied energy) that need to be produced in order to make
improvements possible. To achieve such a goal, the extended energy balance for heating and cooling
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uses introduced in the previous section can be integrated with an Input-Output model (IO in the
following) in order to capture the overall country-wide effects caused by a generic energy policy. IO
models can be applied in a variety of ways, depending on the available data and on the detailed
research question to be addressed. For the purpose of the case study analyzed in Section 4, the 10
model considered in this paper starts from data arranged in the form of Supply and Use Tables
(SUTs).

In a national economy composed by n industries and m commodities, with matrix of commodity
output proportions Dy, and matrix of industry input proportions Bpyy,, and considering the exogenous
vector of final demand e, as the driving force, Expression (9) determines the total output vector of each
industry X,xq as a function of e, where I, is the identity matrix [43].

x=[D(1-BD)" Je )

Introducing an exogenous resource vector Ryyy,, whose elements represent the primary energy
extracted by each industrial sector, the exogenous resource consumption vector Rcp 1xm, as a function of
the final demand vector of each commodity, is given by Expression (10) [47].

R,, = R%" [D(I -BD)’ Jé (10)

The sum of all elements of R¢p returns the total exogenous amount of resource consumed for
the overall economy. Note that for closed economies (without imports/exports), R¢pimx1 = Ripxi,
where i is a column vector of ones [46].

To account for the primary energy (consumption or requirement as appropriate) of provision units and
their variations due to end-use efficiency interventions, changes in household demand must be
calculated. The commodities involved are: energy carriers, whose demand will decrease due to the
effect of the proposed policy, and necessary goods and services for improvements (technology, labor,
financial services), whose demand will increase to support the application of the policy. Moreover,
the following two assumptions must be made: (a) the commodity k of the IO model represents only
energy and no other non-energetic products and (b) the relative variation of household demand (in
monetary flows) for commodity k equals the relative variation in energy consumption (linearity).

Expression (11) shows the change in secondary energy k AE,q.. ; (kWh) due to variations in
the provision unit j.

N . APU,
AE oy =———— (11)
Meik: e
where 4;;; is the fraction of the provision unit j obtained from secondary energy k, n.y;; is the
equipment efficiency that uses secondary energy k for the provision unit j and 7;; is the context
efficiency of the provision unit j. This formula must be applied for all types of secondary energies
involved in the analyzed use (e.g., electricity, gas, etc.). The relative variation in household demand
for commodity k Apy,; is given by expression (12), where Egoi.nn (kWh) represents the average
household per capita consumption of secondary energy k.

_ AESCC;k;j
Ao = (12)

sec;k;hh

If ey.nn accounts for the fotal final household demand of commodity k of the IO model in monetary
units, then by establishing Aey = Apy;jey;n, if commodity k represents an energy commodity, and
Aey, = 0 for all other commodities, the variation of final demand vector Ae is defined. Expressions (11)
and (12) assume unique correspondence between secondary energies in energy balance and
commodities in the IO model. In case this does not occur, adjustments must be made (e.g., one
commodity in the IO model includes different energy carriers).

The change in the exogenous resource consumption vector ARcp is given by Expression (13).

Considering N inhabitants, the total primary energy variation due to variations in the provision unit
7, Aﬁpn-m; j» is reflected in Expression (14).
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-1 ~
AR, =r[D(1-BD)" |ae (13)

1 .
AE,..; = FARCBI (14)
Adopting APU; = PU;, Expression (14) gives the primary energy consumption of the provision unit
J Eprim;j- When studying the impact on primary energy requirements due to efficiency improvements
in the final demand, the next intervention characteristics must be defined (based on one single
provision unit):

e  Time horizon of the interventions T (years).
e Identification of IO model commodities whose final demand would change k.
e Intervention cost distribution for each commodity ¢, in monetary units.
e Fraction of the provision unit j obtained from secondary energy k after interventions A’y.;.
e New context and equipment efficiencies after interventions 0, ,; and 7'

Expression (11) is rewritten in a more general form (15), enabling context, equipment efficiencies
modifications and secondary energy substitutions caused by interventions.

. A

w PU _ A, P,
N'oaiM'e; Newie;

sec;k; j (15)

Adopting PU; = 0 and PU’; as the real provision unit in Expression (15) and Aej, = N¢, /T for
the commodities of the IO model involved in interventions (13), then the primary energy consumption
of the provision unit j after interventions E'y iy, is obtained (14).

4. Case Study: Analysis of Five Cities in Argentina

This section applies the methodology presented in Section 3 for assessing the economy-wide
effects of energy efficiency policies applied to five cities in Argentina with different climates and
socio-economic contexts: Rosario, Mendoza, San Carlos de Bariloche (Bariloche in the following), San
Miguel de Tucumédn (Tucuman in the following) and Buenos Aires. Firstly, reference data and
assumptions are introduced, heating and cooling provision units are defined for each city and
coverage factors are calculated. Finally, primary energy consumption for heating and cooling real
provision units is calculated at a nationwide level, considering three different end-use energy
efficiency improvement scenarios: (1) heating, ventilation and air conditioning (HVAC) appliance
efficiency upgrading; (2) wall and ceiling insulation; and (3) a combination of both (1) and (2).

4.1. Reference Data and Assumptions

This sub-section collects the main data and assumptions required for the application of the
proposed approach.

Provision unit definition and sensitivity analysis. The definition of the provision units is
carried out using Rosario as a reference. The reference is established with the aim of comparing it, and
it does not affect the main results of the methodology. The building archetype was defined from a
standard typology with usual materials, whose properties are detailed in Table A1l. So as to determine
the climatic zone conditions, National Building Energy Certification Software [18], based on IRAM-
11900:2017, was used, establishing 20 °C and 26 °C as comfort temperatures for all the heating and
cooling periods, respectively [62]. The key climatic variables are provided in Table A2. Socio-
economic conditions were determined by adopting data from the National Institute of Statistics and
Census of Argentina (INDEC) [63], considering 20 m? as the average room floor area and 70% of
that area being conditioned. Same comfort conditions were adopted for the five cities (their
determination based on economic indicators was considered out of the scope of this research). For
the sensitivity analysis of defined provision units, rapports with the reference PU,,;/PU,pj,0, With
variations of #25% in the building archetype main parameters, were made.
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Energy balance extension for heating and cooling uses. The National Building Energy
Certification Database [18] was used for obtaining the average building parameters for each city (the
specific thermal characteristics of the average building for each city are reported in Table A3). For the
determination of context efficiencies 7..5; ..., National Building Energy Certification Software was
used for calculating both the building archetype and average building requirements, according to
Expression (5). Additionally, equipment efficiencies 7,.,;7... were directly obtained from that
database. It is worth noting that equipment efficiencies refer to thermal efficiencies or coefficients of
performance (COP) as appropriate (or a mixture of them). So as to determine the real provision unit
and the coverage factor according to Expressions (6) and (7), in the absence of a National Useful
Energy Balance, a consumption model was constructed based on special surveys [64], National
Energy Balance [65] and International Energy Agency Balance [66], considering the same
consumption profile for cities within the same province. Only for electricity and natural gas were
considered, other carriers with scarce shares in household consumption (e.g., liquefied petroleum
gas, fuel oil, biomass, etc.) were disregarded. Table 2 shows gas and electricity consumption per
capita for heating and cooling.

Table 2. Gas and electricity consumption per capita (kWh/p) for heating and cooling in the analyzed

cities.
. . . Buenos
Rosario Mendoza Bariloche Tucuman .

Aires

Gas consumption for heating per capita 1863 2230 7810 642 1791

(Esec;gas;h)
Electricity COl’lSUl’anlOl"l for heating per capita 53 3 30 51 69
(Esec;el;h)
Electricity consumpflon for cooling per capita 267 213 ) 205 458
(Esec;el;c)

Policy intervention assessment. For IO model construction, an industry-based approach was
adopted, with 196 commodities and 125 industries, using data from the Eora SUT 2015 Basic Prices
[67,68]. The extracted energy vector (R) was created using source data from 2016 IEA Energy Balance
for Argentina [66] and values of total primary energy supply by source were allocated as shown in
Table 3, considering energy imports as locally produced. Transmission and distribution service (158)
and gas distribution services through mains (159) commodities in the IO model were identified as energy
carriers. Since the IO model was nationwide, it was necessary to establish average values of
household energy end-use parameters (secondary energy consumption and carrier shares, useful
energy consumption, coverage factors, defined provision units, context and equipment efficiencies,
etc.) for coupling the IO model with final energy consumption data. In addition, no capacity
restrictions were considered for the gas and electricity supply networks.

Table 3. Construction of the extracted energy vector (R) allocating International Energy Agency (IEA)
primary energy supply by source data.

Industry Value Primary Resource = Value

ktoe ktoe

Coal 823
Extraction of petroleum, gas, coal ¢rude oil 28,068
and uranium 78,799 Oil products 3097
Natural gas 44,652

Nuclear 2159

Oils and oilseed products 3379  Biofuels and waste 3379
Hydro 3207

Electricity 4075 Gemhe:z‘cal’ solar, 49

Electricity 819
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4.2. Final Consumption Improvement Scenarios

The primary energy requirements of heating and cooling provision units were calculated in four
different improvement scenarios. So as to highlight the potential of the methodology, the
improvement scenarios were defined considering extreme cases and carrier substitution. Scenario 0
assumes current equipment and context efficiencies. Scenario 1 consists of equipment efficiency

improvement and energy carrier substitution (8'y,;; 7',,.;), replacing heating gas systems by high

ekj
coefficient of performance (COP) heat pumps and upgrading cooling system COPs. Scenario 2 consists
of context efficiency improvement by wall and ceiling insulation (7’;;), while Scenario 3 considers

Scenarios 1 and 2 together (B’ 71 n'c,j ). Table 4 shows context efficiencies, equipment

! .
ekij’
efficiencies and secondary energy shares for the considered scenarios (national average specific

thermal parameters and parameters for improvement scenarios are provided in Table A4).

Table 4. Context efficiencies, equipment efficiencies and secondary energy shares for the considered
improvement scenarios.

Scenario Scenario Scenario  Scenario

0 1 2 3
Heating
Context efficiency (n..p) 1.13 1.13 3.54 3.54
Gas equipment efficiency 073 ) 073 )
(ne;gas;h)
Electrical equipment efficiency 547 3.50 547 350
(ne;el;h)
Gas share (Byqas;n) 0.97 0.00 0.97 0.00
Electricity share (B;.,) 0.03 1.00 0.03 1.00
Cooling
Context efficiency (1.,c) 2.08 2.08 3.99 3.99
Equipment efficiency (7,..) 2.99 3.50 2.99 3.50

Equipment efficiency improvement costs were distributed over 10 years, while in the case of
context efficiency improvements, 30 years was assumed. Intervention costs and corresponding
commodities in the IO model are provided in Table A5. Interventions with simultaneous effects on
both heating and cooling provision units were partially considered for each one with equal cost
assignment, whereas embodied energy in pre-existing goods related to provision units (e.g., building
construction) was not accounted for at all.

5. Results and Discussion

This section summarizes the main results obtained from the application case. Firstly, defined
provision units for the analyzed cities are displayed, accompanied by a sensitivity analysis; secondly,
coverage factors are shown, extending energy balance for heating and cooling uses; and finally, the
results of primary energy consumption for heating and cooling real provision units in the considered
scenarios are provided.

5.1. Provision Unit Definition and Sensitivity Analysis

The provision units and their components are reported in Table 5, highlighting the quantity of
heating and cooling comfort energy services defined for each city and how these quantities are
composed. It is observed that heating provision units are characterized by greater values compared
to cooling provision units, except for Tucumén, where they are almost similar due to the city’s
peculiar climatic conditions. Cooling provision units for Bariloche were not calculated because it does
not have a cooling period according to national regulations. In the case of the heating provision units,
the most important dissimilarities derive from climatic zone conditions: Rosario, Mendoza and
Buenos Aires have similar climates (mild weather), so their climatic zone conditions are quite similar,
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while Tucuman (warm weather) presents about half the previous value and Bariloche (cold weather)
four times this. For the cooling provision units, Tucuman has the highest value of climatic zone
condition but the difference from the other cities is small (the main differences between mild weather
cities and warm weather cities do not lie in summertime but in wintertime). Notably, although
Tucuman has a higher value of climatic zone condition in comparison to Buenos Aires and Rosario,
its cooling provision unit is lower due to a distinct socio-economic condition (Tucuman’s poverty
rate is about twice as high as Buenos Aires [69]).

Table 5. Defined provision units, components of their definitions and provision unit ratios with the
reference one in the analyzed cities.

Rosario Mendoza Bariloche Tucuman Buf:nos
Aires
Comfort conditions (cp; ¢.) - 1.00 1.00 1.00 1.00 1.00
Socio-economic condition (se) m?/p 15.12 13.65 14.34 12.02 16.70
Heating
Climatic zone condition (czy) kWh/m? 102 124 426 61 98
Provision unit (PUp,,p;) kWh/p 1542 1693 6107 733 1636
Provision unit ratio with reference
(PUnoni/PUnion o) 1.00 1.10 3.96 0.48 1.06
Cooling
Climatic zone condition (cz.) kWh/m? 54 51 - 58 51
Provision unit (PU,,,p;) kWh/p 816 696 - 697 851
Provision unit ratio with reference
(PUvioni/PUsionio) 1.00 0.85 0.86 1.04

A sensitivity analysis was performed on the values of defined heating and cooling provision
unit ratios with the reference PU,,;/PU,p},o, testing the related variability with respect to the adopted
building archetype definition parameters. The modified parameters where: floor area A, transparent
envelope area e.S, opaque envelope average transmittance U, transparent envelope average
transmittance U,,, opaque envelope average absorption coefficient @ and average adjustment factor
b; considering +25% of input deviations in all cases. The results of the sensitivity analysis are
displayed in Figure 5, while complete numerical results are provided in Table A6.

With regard to the heating case, the highest sensitivity was observed for the envelope
transmittance U and the average adjustment factor b parameters, both being predominant in the
determination of the heat transfer coefficient, which is the most important building characteristic for
thermal calculation [61]. A particular result concerns the sensitivity due to envelope transmittance,
U, variations in the heating case for Bariloche, where it reaches 7.5%. This behavior may be caused
by great dissimilarities in Bariloche’s climate characteristics with respect to others climates (ratios
between thermal losses and solar gains are substantially higher in cold climates in comparison to
mild climates, so the envelope transmittance becomes predominant). The same behavior, but less
significant, is observed in Tucuman, reaching 3%. For the cooling case, in addition to the envelope
transmittance and average adjustment factor, parameters related to solar heat gain management (a;
e.S) become more relevant. This response could be explained by solar heat gains being much more
significant in cooling requirement calculations than in heating requirements.
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Figure 5. Sensitivity analysis of defined provision unit ratios compared with the reference one
(PUpj/ PU opj0) with respect to building archetype parameters.

5.2. Energy Balance Extension for Heating and Cooling Uses

Table 6 summarizes the main consumption structure, showing context and equipment
efficiencies, fractions of heating provision units obtained from gas and electricity and secondary
energy shares. The data structure allows us to highlight causes of inefficiencies between energy
carrier consumption and provision units. Regarding the heating case, the share of gas is highly
predominant in all cases (about 0.98), with the particular case of Tucuman, where the share is 0.92
(natural gas household penetration is lower in warm cities). Heating gas equipment efficiencies are
similar for the five cities (about 0.7) and the same occurs with electric equipment efficiencies (about
2.2), except for Buenos Aires, where the value is substantially lower (1.2), showing a greater presence
of resistive heaters. However, given the low electricity share for heating, this value has a negligible
impact on the final results. Heating context efficiencies present values of about 1.03 for Mendoza and
Tucuman, both cities near mountains; about 1.15 for Rosario and Buenos Aires, plain cities; and the
highest value of 1.38 for the city in the coldest climate (Bariloche). As regards as the cooling case,
equipment efficiencies are almost similar (about 3), and the same occurs with context efficiency
(about 2). As in the heating case, the warmest city (Tucuman) presents the highest context efficiency
for cooling.

Table 6. Context and equipment efficiencies, fractions of provision units obtained from gas and
electricity (heating case) and secondary energy shares (heating case) for the analyzed cities.

Rosario Mendoza Bariloche Tucuman Buf:nos
Aires
Heating
Context efficiency (1..p) 1.13 1.02 1.38 1.05 1.18
Gas equipment efficiency 0.73 0.69 0.66 0.73 0.69
(ne;gas;h) ' ’ ' ' '
Electrical equipment efficiency 247 226 200 230 1.20
(ne;el;h)
Average equipment efficiency 0.78 071 0.67 0.85 0.70

(nE;h)
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Fraction of provision unit

obtained from gas (1,u.n) 0.92 0.96 0.99 0.80 0.94

Fraction of provision unit 0.08 0.04 0.01 0.20 0.06
obtained from electricity (Agqs;n)

Gas share (Sg45:1) 0.97 0.98 0.99 0.92 0.98

Electricity share (f,.) 0.03 0.02 0.01 0.08 0.02

Cooling
Context efficiency (n..c) 2.07 1.70 - 2.32 1.82
Equipment efficiency (1,..) 2.99 2.82 - 3.25 2.85

The main results of the extension of the traditional energy balance for heating and cooling uses
to energy services are summarizes in Figure 6, where real and defined provision units and coverage
factors for the five cities are presented (whole numerical results are provided in Table A7). It is
observed that coverage factors for heating are in the region of 1, that is to say, that thermal comfort
service is actually guaranteed on average for all the cities. The highest value (1.18) corresponds to
Bariloche, while the lower one (0.84) occurs in Tucuman, thus pointing out the fact that in the coldest
city, the real heating provision unit (i.e., the quantity of heating comfort energy service provided) is
higher than the defined provision unit (i.e., the target quantity of heating comfort energy service),
whereas in the warmest city, the real heating provision unit is lower than defined. Cooling coverage
factors are higher (close to 2), showing that the energy service is excessively guaranteed if taking into
account its definition (i.e.,, buildings are excessively cooled relative to the expected value).
Additionally, the disparity between cities is more significant, e.g., Buenos Aires (near to 2.80) presents
the highest value and Mendoza (around 1.46) the lowest one. Differences in coverage factors between
cities may be due to economic factors not considered, such as energy prices, family budgets, etc., and
even cultural reasons.

m  Real heating provision unit (PU,) Real cooling provision unit (PU,)

Defined heating provision unit (Pu, .,;) ™ Defined cooling provision unit (Pu, o)

4 Heating coverage factor (CF,) A Cooling coverage factor (CF,)
8000 3.0
A
7000
25
6000
= A
= A 20 —
i 5000 ‘g
At
8 B
= 4000 15 %
5 A on
s T
| b
o * [
2 3000 ¢ 3
> 1.0 O
] * L
o L 4
2000 ]
' 0.5
1000 i
0 I I . . I L 0.0
Rosario Mendoza Bariloche Tucuman Buenos Aires

Figure 6. Defined provision units, real provision units and coverage factors in the analyzed cities.



Sustainability 2020, 12, 6563 16 of 29

5.3. Policy Intervention Assessment

Context efficiencies, equipment efficiencies, useful energy consumption, secondary energy
consumption and primary energy consumption of heating and cooling real provision units at a
nationwide level for the base case and three improvement scenarios are reported in Table 7. Scenario
1 increases only equipment efficiencies, Scenario 2 increases only context efficiencies and Scenario 3
increases both efficiencies. It is observed that, although successive improvement scenarios reduce the
total amount of secondary energy household consumption, primary energy impact does not decrease
in the same way due to contributions indirectly required to support those improvements (i.e., the embodied
energy of goods and services involved in the interventions: HVAC systems, thermal insulation
materials, installation and financial services). Scenario 1, where only appliances are upgraded and
isolation materials are not involved, presents the lowest value of primary energy consumption (52%
of primary energy saving with respect to Scenario 0). Scenario 3, although showing the lowest
secondary energy consumption, is not the best scenario in an overall analysis (due to the high energy
consumption for producing thermal insulation materials compared to the benefits they provide).

Table 7. Primary energy consumption of real heating and cooling provision units in the analyzed
improvement scenarios.

Scenario 0 Scenario 1 Scenario 2 Scenario 3
Heating Cooling Heating Cooling Heating Cooling Heating Cooling

Context
efficiency - 1.13 2.08 1.13 2.08 3.54 3.99 3.54 3.99
(M)
Useful
energy
consumptio
n (Ey)
Equipment
efficiency - 0.78 2.99 3.5 3.5 0.78 2.99 3.5 3.5
(1)
Gas
consumptio kWh/p 1863 - 0 - 596 - 0 -
n (Esec;gas)
Electricity
consumptio kWh/p 53 267 426 228 17 139 136 119
n (Esecier)
Primary
energy
consumptio

n (Eprim)
Total

kWh/p 1492 798 1492 798 477 415 477 415

toe/p 0.0940 0.0214 0.0357 0.0199 0.0452 0.0263 0.0311 0.0297

B =
é prim toe/p 0.1154 0.0556 0.0715 0.0608
prim,h+

Eprim,c)
Primary
energy
saving with % 0 52 38 47
respect to

Scenario 0

Figure 7 shows primary energy consumption E,.;, for the base case and three improvement
scenarios, highlighting the differences between considering the encompassing embodied energy in
goods and services involved in interventions (direct and indirect accounting) and not considering it
(only direct accounting) (complete numerical results are provided in Table A8). While the differences
in Scenario 1 are negligible, in Scenarios 2 and 3 they are very significant (due to insulation
production), reflecting the importance of an overall evaluation of end-use energy efficiency policies.
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= Heating (direct and indirect accounting) = Cooling (direct and indirect accounting)

Heating (only direct accounting) Cooling (only direct accounting)

0.00 0.02 0.04 0.06 0.08 0.10 0.12
Primary energy consumption of heating and cooling provisionunits [toe/p]

Figure 7. Differences in primary energy consumption depending on two different impact accounting
criteria in the analyzed improvement scenarios: (a) direct impact accounting and (b) both direct and
indirect impact accounting.

6. Conclusions

Traditional approaches to energy systems and policy analyses are still largely supply oriented.
Currently, the adopted energy balance methodologies are also framed under these approaches and,
consequently, they do not provide policymakers enough information about final consumption
processes. Firstly, they fail to quantify energy services obtained from energy use and, secondly, they
do not reflect indirect consumption due to embodied energy in goods and services. These features of
traditional methodologies make the assessment of final use energy efficiency policies impossible. The
article proposed a method for complementing traditional energy balances (focusing on space heating
and cooling uses) with the following advantages: (a) the quantification of energy services by means
of a provision unit concept, and its institution as the final stage of the whole energy system; (b)
appliances and context inefficiencies can be analyzed separately in order to refine energy efficiency
policies; (c) accounting for indirect primary energy consumption due to the energy embodied in
goods and services involved in end-use efficiency improvements through Input-Output analysis.

Although the methodology was developed for space heating and cooling, it can be easily
extrapolated to other uses. The necessary data for its application are usually available in national
statistics systems and are compatible with IEA standards.

The outcomes of the proposed approach have been discussed in the application case. The main
achievements of this research can be summarized as follows:

e  The methodology certainly complements traditional energy information systems. Not only is it
easy to apply by authorities but its results are also highly comparable between different regions
and countries. The new information provided is disaggregated throughout the entire
consumption process (i.e., from the carrier to the service), thus making it possible for
policymakers to detect specific inefficiencies and look for a better policy design as well. The
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results of the application in five cities in Argentina revealed the causes of asymmetric secondary
energy consumption related to diverse climatic and socioeconomic conditions. In particular, it
was found out that heating comfort energy service is guaranteed approximately as defined for different
locations, while in the cooling case, it is excessively guaranteed compared to the defined targets.

The methodology enables policymakers to evaluate end-use efficiency interventions,
considering not only direct energy savings but also indirect primary energy consumption.
Different efficiency improvements made in the application case demonstrated the relevance of
indirect energy consumption through the goods and services involved in such interventions,
compared to direct energy savings in household demand. Scenario 1 (equipment improvement)
saves 52% with respect to the base case, Scenario 2 (insulation) saves 38% and Scenario 3 (Scenarios 1+2
together) saves 47%. Particularly, savings caused by insulation have significant indirect effects that
cannot be ignored.

Information provided by the proposed methodology could support the definition of energy efficiency

policies:

The gap between real and defined provision unit values could be adopted as an indicator of
energy poverty, energy well-being or even energy splurge in a certain city.

Separate values of context efficiency and equipment efficiency could be useful for deciding
whether to encourage appliance replacement or building quality improvement in a city-level
approach.

Primary energy consumption of heating and cooling provision units may be established as an
indicator of the entire sustainability of heating and cooling services.

In view of the outcomes of this research, some possible future developments can be identified.

Firstly, the definition of provision units for other uses within the same conceptual framework.

Secondly, the assessment of effects on primary energy consumption due to the implementation of
efficiency policies in intermediate sectors (i.e., industry).
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Nomenclature

Symbols

)
=)

provision unit, kWh/p

climatic zone condition, kWh/m?
comfort condition
socio-economic condition, m?/p
days of heating or cooling
months of heating or cooling
population

building floor area, m?

fraction of conditioned floor area
building occupancy, p
temperature, °C

building archetype generic parameter
positive value as small as desired
energy, kWh—toe

Mo o 208 22T U YL o ]
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primary energy conversion factor

efficiency

coverage factor

matrix of commodity output proportions

matrix of industry input proportions

exogenous vector of final demand, monetary units

total output vector of each industry, monetary units

total output vector of each commodity, monetary units

identity matrix

exogenous resource vector, toe

consumption-based approach exogenous resource consumption vector, toe
fraction of provision unit obtained from certain secondary energy
relative household demand of commodity

total final household demand of commodity, monetary units

time horizon of interventions, years

intervention cost distribution for each commodity, monetary units
share of secondary energy

building archetype floor area, m?

building archetype transparent envelope area, m?

building archetype opaque average envelope transmittance, W /m?K
building archetype transparent average envelope transmittance, W /m?K
building archetype opaque envelope average absorption coefficient
building archetype adjustment factor

wasqqa:umm-ﬁm-cpgz—axmwc%sm

Subscripts
0 reference
prim primary
sec  secondary
u useful
obj defined
h heating
cooling
equipment
context
hh household
gas  gas
el electricity
Acronyms

CBA Consumption-based approach

cor Coefficient of performance

HVAC Heating, ventilation and air conditioning

IEA International Energy Agency

INDEC National Institute of Statistics and Census of Argentina
IRAM  Argentine Institute for Standardization and Certification
10 Input-Output

I0A Input-Output analysis

MRIO  Multi-Regional Input-Output Model

PBA Production-based approach

SUTs Supply and Use tables
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Appendix A. Simplified Method for Climatic Zone Condition Calculation

A simplified method for determining the climatic zone conditions for heating and cooling, cz;
cz., is presented in this paragraph. This method is based on a simplified application of the ISO
13790:2008 and IRAM 11900:2017 procedures [18,61], and considers specific thermal parameters of
buildings (Table 1). It can be adopted in the absence of official energy labeling software or procedures
and when seeking a simple first evaluation as well.

Firstly, the specific heat transfer coefficients for heating and cooling periods, respectively, Hy;

H, (W/m?K), must be calculated according to Expression (Al),
H,=H, +Hinf;h

H =H, +H,

infic

(AT)

where Hjnf,, and Hp, . are the specific ventilation heat transfer coefficients for heating and cooling
periods, respectively, (as defined in Table 1) and H,, is the specific transmission heat transfer
coefficient, calculated according to Expression (A2), considering thermal building-specific
parameters (S/A; U; U,; b; e) defined in Table 1.

H,=[Ub(1-¢)+U,e|S/4 (A2)

Once the specific heat transfer coefficients have been established, it is possible to calculate the
monthly thermal energy need for the i-th month Qup.i; Qu.ci (kWh/m?) for heating and cooling. The
monthly specific thermal energy need (i.e., specific thermal energy that must be added in the heating
period or extracted in the cooling period) in the i-th month is determined by Expression (A3),

Oy = (erfinf;h;i + Qi ) 14O

A3
Qu;c;i = Qgr;i /2 (Qtr—inf;c;i + de;i) (A9)

where

Qtr—inf;n;i is the specific heat transfer by transmission and ventilation/infiltration for the i-th
month (kWh/m?) (heating period), determined according to (A4);

Qtr—infic;i is the specific heat transfer by transmission and ventilation/infiltration for the i-th
month (kWh/m?) (cooling period), obtained by Expression (A4);

Qrqa;i is the specific heat transfer due to thermal radiation to the sky for the i-th month
(kWh/m?), determined using Expression (A5);

Qgr.i is the specific heat gain due to solar radiation for the i-th month (kWh/m?), determined by
means of Expression (A6);

Ngr:n;i is the dimensionless gain utilization factor for the i-th month (heating period), determined
according to (A7);

Ngric;i is the dimensionless loss utilization factor for the i-th month (cooling period), determined
according to (A7).
e  Specific heat transfer by transmission and ventilation/infiltration for the i-th month is calculated

according to Expression (A4)

Qtr—inf;h;i =24-10" H, (9 D

conf';h - Hz’xt;i) i

O oingiest = 24 107 H, (gcorgf;c = O )D‘

i

(Ad)

where

Hy; H. are the specific heat transfer coefficients for heating and cooling periods, respectively
(Al);

Oconf;n; Bcons,c are the comfort temperatures (i.e., set-point temperatures) for heating and
cooling periods, respectively;

Ocxt;i is the temperature of the external environment (i.e.,, ambient temperature) of the i-th
month;

D; is the number of days of the heating and cooling periods defined for the considered climate.
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e  Specific heat transfer due to thermal radiation to the sky of the i-th month is calculated according
to Expression (A5)

Oyp0s =24-10°H, F.R h A0, D, (A5)

se' “rad sky i

where

H,, is the specific transmission heat transfer coefficient (A2);

F, is a dimensionless form factor for radiation between the building’s envelope surface and the
sky; a value of 0.75 is adopted (as an intermediate value between 0.5 for vertical surfaces and 1 for
horizontal surfaces);

R, is the external surface heat resistance of the building envelope, the value assumed is
0.04 m?K/W;

hrqq is the external radiative heat transfer coefficient, adopted 4.45 W /m?K;

ABgy, is the average difference between the external air temperature and the apparent sky
temperature, adopted as 11°C, as specified in ISO 13790:2008;

D; is the number of days of the heating and cooling periods defined for the considered climate.

e  Specific heat gain due to solar radiation of the i-th month is calculated according to expression
(A6)

0, =24107" S/ A[UbR ,a(1-e)+ze|1.D, (A6)
where
S/A; U; b; a; e; g are the building’s specific thermal parameters (Table 1);

I; is the solar radiation in the horizontal plane of the i-th month for the considered climate
(W/m?).

e  Gain utilization factor 7,; and loss utilization factor 7n.; of the i-th month are given by

Expression (A7)
-y .
m lf }/i>0 and ]/iil
nh;z = };
— if Vi =1
a, +1
- (A7)
Ll if 7,>0 and vy, #1
1_7;(%* )
Moy =
% if oy =1
a,+1

where y; is the relation between gains and losses for the i-th month according to Expression (A8)
and a, and a, are dimensionless parameters that consider the time response of the building,
according to Expression (A9)

O,
e (A8)
Q!V*inf;i + de;i
a, = @,y +—"
T,
" (A9)
a=a.+ <

In Expression (A9), 1, and 7, are the building’s time constants (Table 1) and ay,, = 0.4; T, =
11h; a.o = 0; 7.0 = 30h are adjustment parameters [56].
Finally, Expression (A10) determines the heating and cooling climatic zone conditions czj; cz,
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(A10)

Qu:n;i; Quic;i are the monthly thermal energy needs for the i-th month, according to expression

(A.3);

My; M. are the number of months of the heating and cooling periods, respectively, for the
considered climate.

Appendix B. Detailed Reference Data and Assumptions

Complementary reference data and assumptions not provided in the main text are presented in

this section.

Appendix B.1. Building Archetype-Specific Thermal Parameter Definition

The building archetype consists in an abstract entity that enables an energy requirement
calculation. The calculation was done by adopting specific thermal parameters, whose values are

reported in Table Al.

Table Al. Building archetype-specific thermal parameters and adopted values.

Symbol  Unit Description Value
S/A m?/m? envelope—floor area ratio 3.25
b average adjustment factor that consider the temperature of adjacent 0.69
zones
U W/m?K opaque envelope average transmittance 212
Uy, W/m?K transparent envelope average transmittance 4.90
e - percentage of transparent envelope over total 0.04
a - opaque envelope average absorption coefficient 0.69
g - transparent envelope average transmission coefficient 0.80
Hingn W/m?K specific ventilation heat transfer coefficient for heating period 0.30
Hing,c W/m?K specific infiltration heat transfer coefficient for cooling period 1.80
Th h heating building time constant 10.07
T, h cooling building time constant 7.72

Appendix B.2. Climatic Zone Characteristics

The main climatic zone characteristics for the building thermal calculations for the analyzed
locations are reported in Table A2. The values of monthly average outdoor temperature 6,,.; (°C),
monthly average solar irradiance in the horizontal plane I; (W/m?) and cooling (C) or heating (H)
days D; for each month are provided.
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Table A2. Climatic zone main variables (source: National Building Energy Certification Software
Database [18]).

Rosario Mendoza Bariloche Tucuman Buenos Aires

Month Di 9e:rt,i li Di eext,i li Di 9e:rt,i li Di eext,i Ii Di eext,i Ii
°C_ W/m? °C_ W/m? °C_ W/m? °C_ W/m? °C_ W/m?

January C 31 25 289 C 31 26 250 - 0 145 298 C 31 246 243 C 31 247 274
February C 28 236 252 C 28 241 241 - 0 149 268 C 28 236 224 C 28 238 238
March C 15 216 208 C 15 215 226 H 31 122 199 C 31 225 215 C 15 22 193
April - 0 175 158 - 0 167 182 H 30 86 134 - 0 19 179 - 0 187 140
May H 15 138 123 H 15 125 147 H 31 55 84 - 0 186 146 H 15 153 105
June H 30 11 9 H 30 92 124 H 30 3.6 58 H 30 132 132 H 30 119 87
July H 31 10 1200 H 31 86 142 H 31 27 74 H 31 122 155 H 31 113 93
August H 31 12 150 H 31 114 178 H 31 28 103 H 31 152 191 H 31 123 139
September H 15 15 187 H 15 147 210 H 30 53 167 - 0 186 221 H 15 152 166
October - 0 185 233 - 0 189 252 H 31 74 227 - 0 217 238 - 0 177 210
November C 15 215 28 C 15 206 258 H 30 99 280 C 30 232 235 C 15 21.3 258
December C 31 236 293 C 31 237 265 - 0 124 297 C 31 26 239 C 31 238 276

Appendix B.3. Specific Thermal Parameters of the Average Building

Average building-specific thermal parameters in the analyzed cities are shown in Table A3.
Values were obtained from the National Building Energy Certification Database [18].

Table A3. Specific thermal parameters of the average building in the analyzed cities.

Symbol Unit Rosario Mendoza Bariloche Tucuman Buenos Aires

S/A m?/m? 3.88 3.85 4.01 3.87 3.98
b - 0.56 0.55 0.61 0.52 0.52

U W/m?K 1.90 2.08 1.05 1.84 1.86
Uy W/m?K  4.74 4.86 4.00 5.04 411
e - 0.05 0.07 0.06 0.04 0.05

a - 0.65 0.73 0.61 0.75 0.69
T - 0.81 0.80 0.75 0.81 0.78
Hingn  W/m?K 042 0.35 0.24 0.34 0.38
Hinre  W/m?K - 3.35 2.81 1.79 2.32 3.52
Ty h 21.33 14.57 16.30 15.46 18.34
T h 12.42 9.99 9.26 9.44 9.95

Appendix B.4. National Average Building-Specific Thermal Parameters for Considered Scenarios
Table A4 reports the national average building-specific thermal parameters (Scenarios 0 and 1)

and parameters after envelope intervention (Scenarios 2 and 3).

Table A4. National average building-specific thermal parameters for the considered improvement
scenarios.

Symbol Unit Scenarios0and1 Scenarios 2 and 3

S/A m?/m? 3.91 3.91
b - 0.54 0.54
U W/m2K 1.87 0.53

U, W/m?K 4.62 4.62
e - 0.05 0.05
o - 0.69 0.69
T - 0.78 0.78

Hingn  W/m?K 0.37 0.37
Hinge  W/m?K 3.21 3.21

Th h 18.02 37.23
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T¢ h 10.15 14.31

Appendix B.5. Input—Output Final Demand Variation Commodities

Household final demand variation commodities involved in interventions are reported in Table
A5. Scenario 1 consists of equipment efficiency improvement and energy carrier substitution,
replacing heating gas systems by high COP heat pumps and upgrading cooling system COPs.
Scenario 2 consists of context efficiency improvement by wall and ceiling insulation, while Scenario 3
considers Scenarios 1 and 2 together. In all cases, material costs, labor costs (installation) and financial
services were considered.

Table A5. Commodity final demand variation (Aey) due to improvement scenarios in millions of
dollars per year.

Scenario 1 Scenario 2 Scenario 3

Commodities Heating Cooling Heating Cooling Heating Cooling

Transmission and distribution services

(158) 981 -103 -95 =337 218 =391
Gas distribution services through mains 1135 ) 7o i 1135 i
(159)
Household appliances and parts (122) 1100 1100 - - 1100 1100
Other plastic products (87) - - 352 352 352 352
Financial intermediation (161) 220 220 352 352 572 572
Maintenance and repair services (179) 198 198 70 70 268 268

Appendix C. Complete Numerical Results

Complementary results not provided in the main text are shown in this section.

Appendix C.1. Sensitivity Analysis

The numerical results of sensitivity analysis on the values of defined heating and cooling
provision unit ratios compared with the reference one, PU,,;/PU,p; o, are reported in Table A6. The
modified parameters were: floor area A, transparent envelope area e.S, opaque envelope average
transmittance U, transparent envelope average transmittance U, , opaque envelope average
absorption coefficient @ and average adjustment factor b; considering + 25% of input deviations in
all cases.

Table A6. Sensitivity analysis of defined provision unit ratios compared with the reference one,
PU,pj/PUgpjo, With respect to building archetype parameters.

Heating (%) Cooling (%)
Parameter  Unit  Value Mendoza Bariloche Tucuman Bu'enos Mendoza Tucuman Bu'enos
Aires Aires
80.00 -0.43 -0.23 -1.11 -0.45 1.18 0.69 1.18
A m? 64.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
48.00 -0.11 0.14 0.19 -0.85 1.68 0.00 1.68
10.00 0.17 0.27 -0.65 -0.04 1.42 0.48 1.42
e.S m? 8.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
6.00 0.00 0.70 0.00 0.00 2.42 -0.41 242
2.65 0.24 1.92 -0.85 0.21 0.49 0.72 0.49
4) W/m?K 2.12 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1.59 0.96 7.12 2.96 -0.38 0.84 -0.98 3.86
6.13 -0.36 0.45 -0.42 -0.15 0.00 0.00 2.53
U, W/m?K  4.90 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3.68 -0.48 -0.33 -1.19 -0.82 0.31 -0.36 0.31

a 0.75 0.22 -0.10 0.26 -0.70 1.51 -0.04 1.51
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- 0.60

0.45

b 0.86
- 0.69

0.52

0.00 0.00
-0.14 0.35
-0.36 1.82
0.00 0.00
0.22 -2.83

0.00 0.00
-1.04 -0.10
-1.45 -0.15

0.00 0.00

4.71 -0.70

0.00
-0.88
2.11
0.00
4.04

0.00
-0.91
0.00
0.00
-0.25
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0.00
0.44
2.11
0.00
4.04

Appendix C.2. Extended Energy Balance

The main results of the extension of traditional energy balance towards energy services are

reported in Table A.7. Useful energy consumption, context efficiency, real provision units, defined
provision units and coverage factors for the five analyzed cities are shown.

Table A7. Useful energy, context efficiency, real provision units, defined provision units and coverage

factors in the analyzed cities.

B
Rosario Mendoza Bariloche Tucuman utenos
Aires
Heating
Useful eneréy C()’nsump“on kWh/p 1492 1611 5214 587 1318
u;h
Heating context efficiency (1..p) - 1.13 1.02 1.38 1.05 1.18
Real heating provision unit (PU,) kWh/p 1691 1651 7188 617 1556
Defined heating provision unit KWh/p 1542 1693 6107 733 1636
(PUh;obj)
Heating coverage factor (CF) - 1.10 0.97 1.18 0.84 0.95
Cooling
Useful energy consumption (E,..) kWh/p 798 599 - 666 1307
Cooling context efficiency (1,c) - 2.07 1.70 - 2.32 1.82
Real cooling provision unit (PU.) kWh/p 1658 1019 - 1546 2380
Defined cooling provision unit KWh/p 816 696 ) 697 851
(PUc;obj)
Cooling coverage factor (CF;) - 2.03 1.46 - 2.22 2.80

Appendix C.3. Primary Energy Consumption Accounting

Differences in primary energy consumption, E,;n, of real heating and cooling provision units

due to impact accounting criteria are reported in Table A8 for the three improvement scenarios.

Table A8. Differences in primary energy consumption depending on two different impact accounting

criteria in the analyzed improvement scenarios: (a) direct impact accounting and (b) both direct and

indirect impact accounting.

Scenario 0

Scenario 1

Scenario 2

Scenario 3
Heating Cooling Heating Cooling Heating Cooling Heating Cooling

Only
dirtABLEect
accounting

Primary energy
consumption
Eprin)
Total (Epyim =
Eprim,h +

toe/p

toe/p
E prim,c)

0.0940 0.0214

0.1154

0.0342

0.0183

0.0525

0.0301

0.0417

0.0116

0.0109

0.0095

0.0204

Direct and
indirect
accounting
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(E"l""‘)
Total (Ep,im =
Eprimn + toe/p 0.1154 0.0556 0.0715 0.0608
Eprim,e)
Difference
Primary energy
consumption % 0.00 0.00 4.39 8.75 50.17 126.72 185.32 212.63
(Eprim)
Total (Ep,i =
Eprimn + % 0.00 5.90 71.46 198.04
Eprime)
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