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ABSTRACT

The decarbonisation of residential heat through integration with the power system and deployment of
refurbishment policies is at the core of European energy policies. Yet, heat-electricity integration may be
challenged, in practice, by the large variability of heat demand across weather years. Current approaches
for residential heat demand simulation fail to provide insights about the extent of such variability across
many weather years and about the benefits potentially brought about by nearly zero-energy buildings. To
fill this gap, this work develops an open-source space-heating demand simulation workflow that is
applicable to any country's building stock. The workflow, based on a well-established lumped-parameter
thermodynamic model, allows capturing sub-national weather-year variability and the mitigation effects
of refurbishment. For Italy, different weather years lead to variations in heat demand up to 2 TWh/day,
lasting for several days. Moreover, some weather regimes produce spatial asymmetries that may further
complicate heat-electricity integration. The refurbishment of about 55% of buildings constructed before
1975 could substantially mitigate such oscillations, leading to a 31—-37% reduction of yearly heat demand,
primarily in colder regions. Intra-day heat demand variations, driven by user behaviour, are not sub-
stantially impacted by refurbishment, calling for the simultaneous deployment of flexible heat gener-
ating technologies.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

power-to-heat (P2H) technologies [4]. The foreseen increasing
interconnection of power production and residential space-heating

The achievement of internationally-agreed climate mitigation
targets requires a rapid and deep decarbonisation of all energy end
uses [1]. In the European Union (EU), aiming to be carbon-neutral
by 2050, up to 25% of the total final energy consumption is asso-
ciated with end uses in residential buildings, with space heating
loads largely dominating, with a share of about 64.1%, over water
heating (14.8%), electricity for lighting and appliances (14.4%),
cooking (5.6%) and cooling (0.3%) [2]. As such, the residential heat
sector is at the core of EU decarbonisation long-term plans, aiming
at increasing the rate of refurbishment of existing buildings in the
direction of nearly zero-energy buildings (NZEBs) [3], and at
achieving deeper penetrations of highly-efficient and flexible

* Corresponding author. Politecnico di Milano, Department of Energy, Milan, Italy.
E-mail address: f.lombardi@tudelft.nl (F. Lombardi).

https://doi.org/10.1016/j.energy.2021.122152

supply via P2H, however, raises some challenges. Power systems
are already in need of coping with the site-specific and weather-
related performances of increasing shares of variable renewable
energy sources [5]. The electrification of residential space-heating
demand would represent an additional, large source of weather-
induced variability that might challenge systems’ adequacy —
particularly for those countries, such as Italy, that exhibit marked
differences of weather regimes across their sub-national entities
and bottlenecks in the transmission of electricity between those. To
allow a conjoint study of heat demand and renewable generation
patterns and support a frictionless coupling of power generation
and residential space-heating supply, it is thus critical to provide
quantitative insights around the following unanswered research
questions:

0360-5442/© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. To what extent and at what temporal scale (e.g., hours, days) can
residential space-heating demand vary across weather years, at
a country scale?

2. To what extend would a realistic penetration of NZEBs alleviate
such variability and the overall burden entailed by the electri-
fication of residential space-heating demand?

3. Are there any asymmetries in the variability of heat demand at
the sub-national scale — such as regions experiencing higher-
than-average loads at the same time as others experiencing an
opposite trend — that might be potentially problematic for
sectoral integration?

4. Is it possible to identify sub-national entities for which the
deployment of NZEBs would provide highest load-smoothing
benefits across multiple weather years?

Yet, answering such questions requires spatially- and
temporally-resolved residential heat demand profiles for multiple
weather years, which, for most European countries, are not avail-
able in the form of metered, empirical data. What is more, even
whereas empirical data are available, those do not allow accounting
for the key benefits potentially brought about by NZEBs. Therefore,
several authors have proposed methods to generate bottom-up
synthetic residential space-heating profiles at the country scale
with the desired spatial and temporal resolutions, and for any
weather year. However, none of the methods proposed so far in the
literature allows to answer all the identified research questions at
once. This study addresses this gap by:

1. Developing and validating an open-source bottom-up simula-
tion workflow to generate synthetic residential space-heating
profiles at high spatial (NUTS3) and temporal (1-h) resolution,
including — the first of its kind — NZEB refurbishment scenarios.

2. Applying the workflow to the case of Italy, quantifying and
discussing the variability of residential space-heating demand
across weather years in the range 2000—2018 for various tem-
poral and spatial scales, for both the current and an NZEB-
refurbished building stock.

The paper is organised as follows. Section 2 provides a critical
literature review of existing approaches to the simulation of highly
resolved residential space-heating demand at the country scale.
Section 3 presents the modelling approach proposed by this study,
alongside all the data and the sources required by it. Section 4
provides a comparison of the proposed approach against other
estimates of space heating demand and the full set of results,
alongside their critical discussion.

Review of approaches to the modelling of country-scale space-
heating demand.

Previous work has proposed methods to generate synthetic
residential space-heating profiles at high spatial and temporal
resolutions, for a given weather year. Such methods can be broadly
classified into: a) standard load profile reanalysis; and b) thermo-
dynamic simulation.

The first group consists of approaches revolving around the idea
that, once a reliable “standard heat load profile” (SLP) is defined
based on either existing national standards or measurements, this
can be simply modulated according to the different required cli-
matic conditions or building categories. A notable example of such
an approach is represented by the When2Heat dataset, elaborated
by Ruhnau et al. [6] combining the SLP adopted by German gas
operators with meteorological conditions reanalysis and building
stock information, and applied to a number of European countries
— namely those deemed similar enough to the reference case in
terms of climatic conditions and building types. A similar approach,
though restricted to the German context, is adopted by the open-
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source project demandlib [7]. The European project HotMaps [8]
also grounds on the definition of non-dimensional standard load
profiles, though in this case referring to typical heat pump opera-
tion profiles, which are then adapted, with temperature correc-
tions, to the whole EU. Such heat-pump-specific profiles, however,
have the drawback of limited relevance for integration with energy
models in which the type and operation of the heat conversion
technology are subject to optimisation themselves, i.e. when heat
pumps are considered as subject to smart remote control by
aggregators [9]. Another open-source project, the DeSTINEE model
developed by Bolman and Staffel [10], builds on the identification
of a standard, non-dimensional heating profile, which is then
adapted to all EU countries and made subject to random noise in
any time step and day. Brown et al. [11] also adopt a combination of
standard profiles gathered from the Danish city of Aarhus and
country-specific daily temperature reanalyses to generate EU-wide
heat demand profiles. All such approaches have the considerable
advantage of being quickly adaptable to different contexts, while
ensuring that the profile shape, grounded on a referenced standard,
is never too far from reality. Nonetheless, as commented by Ruhnau
et al. [6], adaptability is constrained by the degree of similarity, in
terms of climatic conditions and associated building stock charac-
teristics, between the reference context and any different one.
What is more, the use of a SLP prevents the simulation of non-linear
changes in heat demand profiles resulting from building stock
refurbishment policies and NZEBs penetration, already planned in
many countries as part of EU heat decarbonisation plans.

The group of thermodynamic simulation workflows, instead,
ground on the idea of generating synthetic heat demand profiles
based for a number of building archetypes, based on thermody-
namic simulations of buildings' response to (at least) changes of
outdoor conditions. Archetypes are then aggregated to the country
scale as part of a broader workflow. Several degrees of complexities
are hence possible, and at least three sub-groups can be differen-
tiated based on the way in which the thermodynamic simulation at
the core of the workflow is carried out. The sub-group featuring the
simplest thermodynamic simulation approach is that in which a
direct proportionality relationship is assumed between outdoor
temperature and indoor comfort temperature and no distinction is
made across building types. For instance, this is the approach
detailed in the STRATEGO project [12], in which the heating system
is assumed to be turned on in any hour of the year in which the
outdoor temperature drops below 15 °C, proportionally to the dif-
ference between the latter and the indoor set point. Nonetheless,
direct proportionality relationships may be inaccurate in capturing
building dynamics and inertia [13] and may fall short in handling
NZEBs penetration scenarios. At the other extreme of complexity,
another sub-group is the one that aims at the description of a full
country-wide building stock based on a restricted number of
highly-detailed building archetypes, whose dynamic behaviour is
accurately simulated by means of a professional building-physics
software. Such an approach has been proposed, among others, by
Clegg and Mancarella [14] for the simulation of hourly-resolved
heat demand profiles for the UK. For the residential sector, they
define four (4) possible geometries and three (3) insulation levels,
and simulate each combination of these by means of the Ener-
gyPlus software. Despite the very high accuracy ensured by the
software-based thermodynamic simulation, this method is
demanding in terms of data gathering, software license availability
and computational effort, and might be hardly replicable and
adaptable to different contexts. Finally, a third sub-group is that of
lumped-parameter thermodynamic representations of the building
stock. These also ground on the definition of a (typically larger)
number of building archetypes, which are then simulated adopting
a lumped-parameter approach, or electrical analogy [13]. The
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approach is flexible, with the degree of complexity arbitrarily
definable, for instance by modelling a building as a single- or multi-
node equivalent circuit, allowing to set the desired balance be-
tween accuracy and computational efficiency. Such an approach
has been demonstrated by Gendebien et al. [ 15], with application to
the Belgian building stock, represented by the authors by means of
up to 338688 combinations of different building characteristics.
The study also demonstrated the versatility of the method in the
simulation of desired refurbishment interventions. Patteeuw et al.
[16] similarly developed a lumped-parameter building stock rep-
resentation of Belgium, demonstrating its potential for a hard-
linked integration with power systems optimisation. A lumped-
parameter model has been also proposed by Heinen et al. [17]
with application to Ireland, showing how the method ensures good
accuracy compared to software-based individual buildings
simulations.

The bottom-up building stock lumped-parameter simulation
emerges hence as a promising and versatile compromise between
computational effort and building-physics accuracy, while being
also suited to simulate refurbishment scenarios. Furthermore,
lumped-parameter approaches allow for the quick simulation of
any weather year based on the simple variation of radiation and
temperature input time series. However, the workflows grounding
on lumped-parameter approaches that have been proposed so far
in the literature failed to ensure:

(i) repeatability, due to the adoption of closed-source code;

(ii) adaptability to other contexts, due to the large amount of
data to be collected to characterise the context of interest;
and

(iii) adaptability to different scales, due to the lack of sub-
national disaggregation.

All features which are instead critical to answer the research
questions that have been identified in Section 1. What is needed is a
lumped-parameter representation of the building stock that en-
sures an accurate-enough representation of building dynamics
based on a limited, context-adaptable set of parameters, while also
allowing for the detailed simulation of refurbishment scenarios
(i.e., change of insulation materials and thickness) which reflect the
most recent guidelines for NZEBs. It is also crucial to have a high
spatial granularity, capturing site-specific weather conditions, and
different levels of spatial aggregation (regional, national, etc.) to
provide outputs that are valuable for different levels of legislative
authorities on building refurbishment regulation.

Building on a proof-of-concept presented in previous work [18],
this work thus proposes an open-source simulation workflow that
grounds on a well-established, standardised lumped-parameter
thermodynamic model (the EN ISO 52016:2017 [19], as further
discussed in sub-section 3.1) to simulate any building stock based
on a number of parameters that compromises between adaptability
to different contexts and physical accuracy. The simulation work-
flow, which takes the name of HeCo and is released publicly [20],
includes a realistic representation of NZEBs as a refurbishment
option, and allows to simulate any desired future country-wide
building refurbishment plan with a spatial granularity ranging
from NUTS3 to NUTS1 and hourly temporal resolution.

2. Materials and methods

The simulation workflow proposed in this paper grounds on the
definition of a set of building archetypes, whose space-heating
demand is computed by means of a lumped-parameter model.
Fig. 1 summarises the criteria adopted for the differentiation of such
building archetypes, namely: a) geometry, b) construction period,
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Fig. 1. Conceptual scheme of the disaggregation of building archetypes in the pro-
posed workflow by geometry, construction period and climate-dependent construc-
tion materials.

and c) climate-dependent construction materials.

In line with previous studies [15], four building geometries are
here deemed sufficient to represent the diversity of building types
existing within a country-wide building stock. These are: single-
family, double-family, multifamily houses and apartment blocks.
For the case of Italy, this type of macro-categorisation is also
adopted by the national bureau of statistics [21]. Construction pe-
riods (influencing materials and heat transfer coefficients) are
instead defined according to the evolution of the national legisla-
tion for the context of interest. For Italy, the key historical regula-
tions on buildings suggest discriminating between buildings
constructed: before 1975; from 1976 to 1990; from 1991 to 2005;
and from 2006 to 2020. To these, a fifth construction period cor-
responding to NZEBs is added, considering that the Energy Per-
formance of Buildings Directive [22] requires all private buildings
constructed after December 31st' 2020 to comply with NZEB reg-
ulations. Finally, different climate-dependent groups of construc-
tion materials are considered, to reflect the fact that areas
characterised by different regional climates, within the same
country, typically adopt different building techniques and mate-
rials. Italy comprises six different climatic areas (from A, the
warmest, to F, the coldest), and one macro-category of construction
materials for each is hence defined. The combination of all such
options, easily adaptable to a different country case, provides a total
figure of 120 different building archetypes.

2.1. Thermodynamic formulation of a building archetype

In this work, the thermal behaviour of an individual building
archetype is represented by means of a resistance-capacitance (RC)
lumped-parameter model provided with two capacitances. Such
capacitances refer to the internal ambient and to the building ele-
ments. Compared to single-capacitance models, this ensures a good
accuracy for both winter and summer thermal dynamics (i.e.,
heating and cooling), as discussed by Vivian et al. [13]. In particular,
our RC model grounds on that defined in the EN ISO 52016:2017
[19], adopted also by Ramallo-Gonzdlez et al. [23]. Each building is
modelled as a box-shaped single heated/cooled thermal zone and is
assumed to be composed by 10 building elements: the roof, the
floor and the four vertical walls differentiated by transparent and
opaque surfaces, as shown in Fig. 2 a.

The explicit thermodynamic equations summarised by the
lumped-parameter model applied in this work are: the energy
balance on the external surface of each building element (Equation
(1)); the energy balance on the internal surface of each building
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Fig. 2. Schematic representation of an archetype and of its main thermodynamic variables. Panel a shows the box-shaped single thermal zone archetype representation adopted,
with the resulting 10 building elements (roof, floor, 4 walls, 4 windows). Panel b shows instead the main variables and heat flows characterising the thermodynamic problem for

such kind of building archetype.

element (Equation (2)); and the overall energy balance of the
thermal zone (Equation (3)). Such equations are derived, as antic-
ipated, from the well-established ISO 52016:2017 [19], though with
the application of the following simplifications, which facilitate the
application of the model for thousands of buildings within the
proposed country-wide simulation workflow: i) mechanical
ventilation appliances are neglected, since those are not wide-
spread among residential buildings; ii) each building element is
modelled as a conductive resistance coupled with a capacitance
applied to the node facing the internal volume; iii) transparent
building elements are assumed to have null capacitance.

(hse + heli)Text,eli,t - heliTinteli,t = hS@Te,t +so1 (Idiff,eli,t +Idir,eli,thh,eli>

- ¢sky

(1)

Kplieli
- (heliText,eli,t) + [Z‘i’T+hci?eli+heli] Tint,eli,t*hci,eliTﬂ,t

Ko el 1
=< lTint,eli,tfl +a— [(1 _fint)(pint,t"'(l _fsol)¢sul+(l _fHC) ®HC,I]
AT Atot

(2)
G ; eln eln
%"‘ Z (Aelihci,eli)+Hve +Hyr Ta,t_ Z (Aelihciﬁeli)Tint,eli,t
eli=1 eli=1
C:
=A'*nttTa,t71 +(Hye +Her) Te t +fint Pine ¢ +Ss01Psol.¢ +SrcPrc ¢
3)

where hgj, hse, R eiis Hye and Hyr are the heat transfer coefficients;
Laifr eli¢ and Igir i are the solar irradiances; Cip, and kpjie; are,
respectively, the two capacitances of the internal ambient and
building element i; Ta ¢, Te t, Tint elir aNd Toyt ¢1i ¢ are, respectively, the
internal and external ambient temperature and the internal and
external surface temperature of the ith building element; and ®;; ,
D1 and Pyc ¢ are the heat gains provided, respectively, by internal
elements (inhabitants and appliances), direct sun radiation and the
heating and cooling system. Fig. 2 b summarises the

thermodynamic problem and the main variables at stake. All
thermophysical parameters required to populate each modelled
archetype are derived from ISO standards and existing national or
European projects. A more exhaustive discussion of such variables
and parameters, including data sources, is provided in Appendix B.

2.2. Control logic and spatial aggregation

The lumped-parameter model is packaged into a broader
simulation workflow, implemented in a Python 3.6 environment
and solved for each building archetype in each NUTS3 Italian re-
gion, with its related location-specific climate-dependent con-
struction materials and weather data (for the desired weather
year). As summarised in Fig. 3, once the comfort indoor tempera-
ture set points for the cold and hot season are defined, the lumped-
parameter model can be solved in hourly timesteps to compute: i)
the ambient temperature change in the given timestep as a func-
tion of boundary conditions, e.g. when the heating/cooling system
is off; or ii) the heating/cooling load needed to meet the predefined
comfort ambient temperature in a timestep in which boundary
conditions require the system to be switched on.

The algorithm is also constrained to follow approximated real-
life user dynamics and Italian normative prescriptions. First, the
workflow defines for each climate zone the precise period in which
residential heating is allowed by the Italian legislation (Table 5).
Second, it defines three different possible indoor daily thermostat
regulation settings (or user types), which correspond to the most
typical daily regulation settings among Italian households (Table 6)
[24]. In each location, the workflow simulates 1/1000 of all real
dwellings, and it variates regulation settings among all simulated
dwellings proportionally to user type share in that given location
[21], as reported in the Appendix B. Results at NUTS3 resolution can
be hence further aggregated at need to provide NUTS2- or NUTS1-
resolution outputs.

2.3. Specific features of nearly zero-energy buildings

A key peculiarity of the proposed workflow is its capability of
simulating refurbishment scenarios, in which older buildings are
renovated according to NZEB regulations. As such, the workflow
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import climate dataset /

import thermophysical properties
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/ loop over n provinces

select climatic zone
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NO

n < nend

/ loop over time t /

1

solve linear system
with POWER ON

solve linear system
with POWER OFF

Tint < Tset A SYSTEM ON (winter)
Tint > Tset A SYSTEM ON (summer)

save Tint
save ®HC

/ set nZEB scenario /
]
build provincial load
build regional load
build italian load

I

end

Fig. 3. Conceptual flow chart summarising the simulation workflow logic. In each timestep, the algorithm computes the building's thermodynamic properties assuming no heating/
cooling load. If the resulting internal temperature is lower (or, respectively, higher for the case of cooling) than the set point, the thermal balance is re-computed in order to obtain
the heating (or, respectively, cooling) load required to meet the set point temperature. Otherwise, the algorithm proceeds to the subsequent timestep. The workflow iterates over
each province (i.e.,, NUTS3 region), accounting for building and climate characteristics of each.

implements formal criteria for the refurbishment of older buildings
into NZEB within the adopted lumped-parameter approach. In
particular, it is assumed that existing buildings can be turned into
NZEBs by improving their insulation characteristics by means of an
ad-hoc envelope and by applying radiation shielding to windows. It
is worth noting that, considering the focus on demand of the pre-
sent work, NZEB prescriptions related to the more efficient energy
appliances are here neglected. To identify the exact value by which
existing buildings properties, and particularly the envelope char-
acteristics, need to be improved in order to be classified as NZEB,
our workflow relies on prescriptions from the 2015 Italian legisla-
tion on the matter [25]. More precisely, the workflow identifies the
maximum transmittance (U-values) admitted for each building
element of a renovated house to be considered NZEB — with each
climatic zone having its own specific U-value limits. For the new
archetypes, all transmittance values are assumed equal to the
minimum (i.e., the most binding) values admitted by the NZEB
definition. The relationship between U-values and the parameters
in thermodynamic model is reported in Equation (5), while Table 7
reports the assumed U-values for the NZEB archetypes.

2.4. Refurbishment scenarios

The present analysis considers two building stock scenarios.
First, a “Business as Usual” (BAU) scenario, which simulates the
building stock in its present state (or, more precisely, in 2011, to

which the most recent building stock census dates back). Second, a
scenario which simulates the penetration of NZEBs in Italy as
forecasted by the European project ZEBRA2020 (and hence named
for simplicity the “ZEBRA2020” scenario). The developed workflow
simulates refurbishment policies by assuming that older and more
energy-intensive buildings (those constructed before 1975), which
also represent the largest share of the current building stock, are
those renovated first. The ZEBRA2020 project estimates a 35%
penetration of NZEBS in Italy by 2030, which means, based on the
aforementioned rationale, that 54.77% of all buildings constructed
before 1975 is refurbished, whilst those from more recent periods
remain untouched.

3. Results and discussion

This section discusses the accuracy of the HeCo simulation
workflow and summarises the main outcomes of its application,
with a focus on the analysis of the temporal and spatial variability
of heating and cooling profiles generated for the two above-
mentioned scenarios.

3.1. Model comparison against other estimates

In the absence of metered hourly data at the country scale, the
model is compared against estimates of yearly space heating con-
sumption by Eurostat [26], available for years in the range



F. Lombardi, M.V. Rocco, L. Belussi et al.

2015—2018, and When2Heat [6], available for years in the range
2008—2013. Raw data from Eurostat refer to final energy con-
sumption; to obtain useful energy consumption figures, as simu-
lated by the HeCo workflow and by When2Heat, a conversion factor
of 0.9 is applied, in agreement with Ruhnau et al. [6]. Data for
cooling yearly consumption are also available from Eurostat, but
several dwellings equipped with cooling systems declare they use it
only occasionally, irrespective of the theoretical set point assumed
for cooling activation, and often only for a restricted number of
rooms in the house, making a comparison problematic. Therefore,
the present comparison focuses on space heating data, whilst
simulated cooling loads can be regarded as maxima theoretical
loads, for which households use cooling systems based on a purely
thermostatic control logic, and to cool the entire house. Table 2
shows how, for the available range of data, the model provides a
higher estimation of the yearly total space heating demand
compared to the other existing estimates, with percentage de-
viations ranging between 15% and 27%, except for the year 2018. It is
worth considering, to this regard, that the building-stock infor-
mation adopted for the study (grounded on a 2011 census) become
less accurate for most recent years, in which an increasing number
of buildings has been refurbished compared to the reference
database. In general, the higher estimation compared to other
sources, which ground on surveyed information, can be also
attributed to the simplifications introduced in the workflow
compared to real-life conditions, such as the restricted number of
possible user behaviours. It is worth noting, however, that even the
datasets chosen for comparison represent themselves only esti-
mates of useful residential space-heating demand, and that no
metered, fully reliable dataset exists.

Appendix A reports also a test of the sensitivity of model results
to variations in key uncertain parameters, such as the assumed
shading factor on each simulated building and the user thermal
comfort settings. The model demonstrates limited sensitivity to
even large variations of assumptions regarding the shading factor,
and a negligible sensitivity to the randomisation of comfort setting
preferences in a realistic neighbourhood of typical values.

3.2. Space heating and cooling profiles

Fig. 4 provides an overall picture of the temporal variability,
throughout the year, of the aggregate space heating and cooling
profiles for the entire Italy, across the full range of simulated
weather years and for the two refurbishment scenarios considered.
As expected, refurbishment policies do not significantly alter the
overall cooling load. During warm months, there is a trade-off be-
tween reduced window transmittance and increased insulation,
producing an overall negligible change in cooling loads compared
to those of buildings constructed after 2005. Furthermore, cooling

Table 1
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demand profiles show limited variability across weather regimes.
On the contrary, the influence of the weather on the space heating
load is clearly visible, with unfavourable weather years provoking
peaks in the daily space heating profile up to 2 TWh/day higher
than for typical conditions, and with a duration of several days. To
this regard, the renovation of the building stock ensured by the
ZEBRA2020 scenario leads to significant absolute reductions
(31—37% depending on the weather year) in the space heating loads
and, consequently, in the absolute extent of such weather-induced
fluctuations.

Notably, as shown in the inset of Fig. 4, weather-induced varia-
tions are relevant not only at the daily temporal scale, but also as
regards hour-by-hour dynamics. In particular, the load between
morning and evening peaks experiences remarkable fluctuations
across different weather regimes. If these dynamics were to be
directly translated into an electrical load by resistive heating, they
would likely exacerbate ramping issues within the power system.
Again, NZEBs penetration in the building stock produces absolute
reductions in such steep fluctuations, even though the behaviour of
the profiles remains subject to weather-induced hourly variations.
This suggests that, while the impact of NZEBs is remarkable in terms
of absolute demand reduction, other measures should be coupled
with refurbishment to better tackle intra-day fluctuations. Future
studies should investigate, in combination with a power system
model, if and to what extent such intra-day fluctuations could be
further mitigated by the adoption of heat pumps coupled with
thermal storages and smartly interacting with power system signals.

These results provide some insights about the first two research
questions identified in Section 1. 1. In fact, it is possible to conclude
that, first, country-wide residential space-heating demand can vary
markedly across weather years, both at the temporal scale of days
(e.g., as shown by the several-day demand peaks experienced over
only in a few weather years in February, in Fig. 4) and at the scale of
hours, as just discussed. Second, while NZEBs would have a positive
effect by ensuring absolute reductions of heat demand that would
limit the relevance of prolonged unfavourable weather conditions,
they would not be able to address issues associated with weather
regimes that generate marked intra-day demand variability. A
similar result could not have been attained by means of existing
approaches (see Table 1), since none of those would've allowed a
physically accurate accounting of NZEB penetration for thousands
of buildings aggregated up to the country scale while ensuring
computational tractability.

3.3. Spatial asymmetries across weather years
The total yearly demand for space heating exhibits marked

variability also from a spatial perspective. Fig. 5 shows, for each
Italian region, the relative deviation of yearly space heating

Notable examples of country-wide heat demand simulation models and approaches in the literature, and their potential to take into account weather-induced demand

variations across weather years.

Model type

Standard load profile (SLP) reanalysis Thermodynamic simulation

Direct proportionality Software-based Lumped-
parameter
Examples in the literature When2Heat [6] STRATEGO [12] Clegg and Mancarella [14] Gendebien et al.
Demandlib [7] [15]
HotMaps [8] Patteeuw et al.
DeSTINEE [10] [16]
Brown et al. [11] Heine et al. [17]
Possibility to account for weather year No/constrained to few weather years Yes Yes (but computationally Yes
variations burdensome)
Possibility to account for refurbishment Limited to absolute yearly demand Limited to absolute yearly demand Yes (but computationally Yes
reduction reduction burdensome)




E Lombardi, M.V. Rocco, L. Belussi et al. Energy 239 (2022) 122152
Table 2

Percentage relative difference between yearly residential space heating demand simulated by HeCo and estimates from other sources, for different weather years. The year
2014 is missing due to no dataset covering it.

Source\Year 2008 2009 2010 2011 2012 2013 2015 2016 2017 2018
Eurostat - - - - - - 26.7 244 271 325
When2Heat 15.1 16.7 26.7 24.1 19.1 22.8 - - - -
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Fig. 4. Space heating (top) and space cooling (bottom) energy demand aggregated for the entire Italy. The main plots show daily consumption (TWh/day) throughout the year, and
across the full range of considered weather years, for the BAU and the ZEBRA2020 scenarios. The inset shows a magnification of the main plots for a representative week in
December, in which profiles are represented at hourly resolution. It is worth noting that in the period April 15th — October 15th only buildings belonging to climatic zone F are
allowed to use space heating, based on Italian legislation; yet, inasmuch as such buildings represent a very small fraction of the total, their space heating demand is barely visible in

the figure.

demand each year with respect to the average demand calculated
across all weather years for the same region. Whilst some weather
years entail a relatively homogeneous behaviour across regions, i.e.,
an overall reduction or increase in space heating demand
throughout the country, others lead to spatially asymmetric con-
ditions. For instance, the weather year 2003 leads to an asymmetric
behaviour between northern and central-southern regions, in
which the North faces lower-than-average heat demand whilst the
Centre and the South need to cope with higher-than-average de-
mand. On the contrary, the weather year 2010 entails extremely
unfavourable deviations from average space heating demand for
many northern regions, whilst southern ones experience only
moderate deviations. All such asymmetric conditions raise possible
challenges in terms of space heating electrification and integration
with renewable power. In particular, it is worth noting that, in
absolute terms, demand for space heating in the North is much
larger due to a larger population (and number of dwellings) in
addition to a colder climate, whilst several large renewable power
plants are located farther South. Hence, conditions like those
experienced in 2010 may be particularly problematic for system
regulation.

This answers the third research question identified in Section 1:
there can be asymmetries in the variability of heat demand at the
sub-national scale, and those shall be explicitly taken into consid-
eration with particular care when designing sector-coupled energy
systems, avoiding to design systems based on typical conditions

only. Again, this highlights the urgency of studying simultaneously
heat demand and renewable power fluctuations within power
system models, in such a way to: i) identify renewable and trans-
mission capacity expansion plans that are able to cope with critical
spatial asymmetries of this kind; and ii) assess whether the abso-
lute reductions in heat load ensured by NZEBs can mitigate the
relative impact of such asymmetries to an extent that weather-
tailored capacity expansion plans become unnecessary. The
developed HeCo workflow makes these studies finally possible,
overcoming the lack of sub-national detail and of NZEB features
which characterised existing approaches.

3.4. Region-specific impact of nearly zero-energy buildings

The absolute reduction in peak and total yearly heat demand
ensured by NZEBs is, of course, strongly driven by the population
and number of dwellings in each region. In fact, Lombardia is the
region showcasing the highest absolute benefits from NZEB pene-
tration. However, other factors play a role in NZEBs impact on heat
demand, such as the type and construction period of renovated
buildings, which varies across regions, and climatic conditions. To
this regard, Fig. 6 shows how the impact of NZEBs penetration on
the heat load duration curve is not spatially uniform. The relative
change in the load distribution is indeed much less pronounced for
southern or island regions, such as Sardegna, Sicilia and Puglia,
characterised by warmer climate and higher solar radiation.
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Fig. 5. Region-by-region percentage deviation of total regional yearly space heating demand, for a specific weather year, with respect to the regional yearly average across all

considered weather years.

Amongst northern regions, instead, Piemonte and Valle d’Aosta
stand out as particularly benefitting from NZEB refurbishment,
with a load duration curve showing the most marked relative
decrease. Overall, NZEB penetration seem to smooth out mostly
high and medium-high load demand, with a less-marked effect on
baseload. This is also a consequence of the fact that, frequently, the
improved insulation ensured by NZEB makes a given heating
switch-on event entirely unnecessary when it was previously
needed, therefore reducing the number of coincident loads in a
region and hence the peak total load.

Answering the fourth and final of the research questions pre-
sented in Section 1, these results confirm that it is indeed possible
to identify sub-national entities for which the deployment of NZEBs
would provide highest load-smoothing benefits across different
weather regimes. This is an additional benefit of modelling space-
heating demand with both a high spatial and temporal resolution
and a detailed characterisation of the building stock. Unlike for
previous approaches, it is possible to identify regions in which
refurbishment interventions shall be prioritised, such as Piemonte
and Valle d’Aosta, and those in which the energy policy budget

might be better redirected towards other needs.

4. Conclusions

This work presented and validated first-of-its-kind, open-source
workflow for the simulation of space-heating demand at the country
scale with high temporal resolution and sub-national disaggrega-
tion. The workflow, which grounds on a well-established lumped-
parameter model for the simulation of individual building arche-
types that are subsequently aggregated bottom-up, compromises
between thermodynamic accuracy and easiness of data gathering
for any context of interest. The workflow provides slightly higher
estimates of total yearly demand compared to other existing esti-
mates, yet proves particularly useful and unique in its capability of
simulating any future refurbishment scenario, particularly the
renovation of old buildings according to NZEB regulations, and of
accounting for sub-national demand asymmetries.

The application of the model to the Italian case across weather
years in the range 2000—2018 shows that:
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Fig. 6. Load duration curve related to the normalised space heating load demand in each Italian region, for BAU and ZEBRA2020 scenarios. The normalisation is performed with
respect to the highest peak value across all scenarios and weather years in each region. Timesteps in which the legislation prescribes that the heating system be turned off have been
cut from the load duration curve representation to obtain a clearer visualization of other months.

1. Different weather regimes can produce steep fluctuations in
total and peak space-heating demand, which can last for several
days. Moreover, they can also entail marked intra-day
fluctuations.

2. Particularly unfavourable weather regimes also entail spatial
asymmetries that may stress transmission bottlenecks across
the peninsula and make renewable generation far from point of
consumption risky. Sectoral-integration studies should take
such conditions explicitly into account to avoid a system design
that is not fit to cope with other-than-typical weather regimes.

3. A realistic penetration of NZEBs, aligned with the forecasts of
the ZEBRA2020 project, does provide significant absolute re-
ductions in heat demand, as well as in absolute weather-
induced fluctuations. In particular, NZEBs appear as a key
technology to mitigate the large weather-induced fluctuations
which occur over a time-span of several days, whilst less so
when it comes to mitigating intra-day demand peaks, which are
primarily driven by user control logics. As such, it is critical to
couple future refurbishment policies with others aimed at
fostering the penetration of smart heat generation technologies
equipped with thermal storage in all renovated buildings, in
such a way to further smooth out intra-day hourly heat demand
fluctuations.

4. It is possible to identify regions for which the impact of NZEB
would be highest. For Italy, Northern regions seem to potentially
benefit the most from NZEB penetration, both from an absolute
and a relative perspective.

Modelling heat demand with spatial, temporal and thermo-
physical (including NZEB features) detail is critical to capture the

abovementioned phenomena, which previous approaches did
not allow. The developed workflow makes possible, for future
energy system planning studies, to simultaneously account for
weather effects on both renewables and heat loads at high
spatial and temporal detail, as well as to explicitly test or opti-
mise system design across all weather regimes, including
particularly unfavourable ones. This will be a key next step to
provide further insights about which additional measures, be-
sides NZEBs, should be put in place on the power-system side to
allow for a frictionless integration of power generation and
space-heat supply.

While the model is already capable of providing timely policy
insights, it has scope for further enhancement. The computa-
tional performance might be further improvement by means of
systematic code profiling, in such a way to allow the inclusion of
additional load diversity elements, such as, for instance, the
simulation of a wider set of user behaviour types, which might
mitigate the risk of excessive coincident behaviour and hence of
peak demand overestimation. To this regard, it might be worth
trying to expand model testing in the direction of hour-by-hour
dynamics by looking for metered data from large-enough utili-
ties and/or private companies in Italy and beyond. Large utility
data would allow obtaining, if not a full country-wide hour-by-
hour dataset for comparison, at least a temporally-resolved
dataset of thousands of independent users, from which aggre-
gate hourly demand dynamics could be appreciated and used for
additional model testing and refining. Furthermore, it would be
important to improve the representation of cooling loads by
means of more detailed statistical information about the
building-area coverage (i.e., only one room, all rooms, etc.) and
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Fig. 7. Sensitivity of model results to variations of uncertain parameters for a representative 10-day period in February (2015 weather data). The figure shows both the hourly
profiles and the daily average heat demand for Italy as a whole, for each sensitivity scenario and for the default model settings.

Table 3
Sensitivity of model results to variation of the shading reduction factor.

Default setting Fsy = 0.5 Fsy=1 Random comfort settings
Heat demand (TWh/year) 291.2 308.7 2744 2919
Err% — 6.0% —5.8% 0.2%

the usage behaviour preferences of existing cooling appliances.
Finally, since the model is conceived for integration within
larger-scope modelling frameworks, particularly power system
models, a critical further development will be the realisation of
such integration, which will allow the investigation of more
complex interactions and phenomena, such as those outlined in
the previous paragraphs.
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Table 5

Heating periods defined by the Italian legislation, per climatic zone.
Climatic zone Start Date End Date
A December 1st March 15th
B December 1st March 15th
C November 15th March 31st
D November 1st April 15th
E October 15th April 15th
F (No limitations)

Table 6

Thermostat regulation settings for different user types.
Setting Typical user Weekdays Weekends

R1 Elderly People High set point all High set point all
day day

R2 Young couple Low set point from High set point all
with children 09:00 to 16:00 day

R3 Adult couple with Low set point from High set point all
teenagers 09:00 to 18:00 day
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Table 7
U-values (W.m~2.K~ ") for single-family buildings, by construction period, climatic
zone and building element.

nZEB A B C D E F

Vertical Walls 0.43 0.43 0.34 0.29 0.26 0.24
Roof 0.35 0.35 033 0.26 0.22 0.20
Floor 0.44 0.44 0.38 0.29 0.26 0.24

Transparent Elements 3.00 3.00 2.20 1.80 1.40 1.10

Table 8
Thickness (cm) of fiberglass insulation to reach nZEB status, by climatic area and
construction period.

A B C D E F
b.1975 6.7 6.7 8.6 10.6 11.8 13.0
1976—1990 5.4 5.4 71 9.1 9.0 10.2
1991-2005 3.2 3.2 5.5 74 85 9.8
2006—-2020 2.5 2.5 1.8 3.7 3.8 5.0
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Appendix A. Model sensitivity

The model is tested in terms of results sensitivity to key un-
certain parameters, namely: a) the shading reduction factor; and b)
indoor thermal comfort settings.

The shading reduction factor Fg, represents the ratio between
the actual and theoretical direct irradiance on a building element,
which can range between 0 and 1 — corresponding, respectively, to
‘null’ and ‘complete’ direct irradiance. Its assessment is highly
building-specific, as it depends on detailed geometrical data on the
building itself and on nearby obstacles, making it virtually impos-
sible to compute a single average value for large-scale aggregates.
The analysis is carried out for an average value of 0.75. This based
on data from an analysis carried out for a generic building in Turin,
under assumptions that are typical for an urban context. None-
theless, possible deviations from this value are also identified in the
range 0.50—1, and used to carry out the sensitivity analysis.

As regards thermal comfort settings, the sensitivity is performed
by allowing, for each simulated building, a randomisation of the
indoor comfort temperature around the typical values assumed by
default. More precisely, it is assumed that users may customise the
set point for indoor comfort temperature during the heating period
in a +0.5 °C neighbourhood of the typical value (20 °C). A slightly
larger deviation (+1 °C) is deemed plausible, instead, for the night
set point (16 °C) in the heating season and for the cooling set point
(26 °C).

The sensitivity is performed for the weather year 2015. In fact, as
briefly discussed in sub-section 3.1, this is the first year for which
the model comparison against Eurostat data is made possible and,
also, the most reliable considering that building-stock data come
from a 2011 census and that the more the comparison datasets
moves away temporally from 2011 the less the comparison is
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meaningful. As shown in Table 3, the sensitivity demonstrates a
good model robustness (with maximum percentage deviation
around 6%) to large variations in the assumed shading reduction
factor. The sensitivity to randomised comfort settings is instead
substantially negligible. Indeed, the visual representation of heat
demand profiles for a representative 10-day period (Fig. 7) shows
essentially an overlap between default-setting and random-
comfort-setting model results. Shading factor assumptions,
instead, determine slightly more visible profile modifications.
However, such changes are visible only for days in which solar ra-
diation becomes an important contribution in the thermal balance
of buildings, whilst they are again negligible in all cases in which
solar radiation does not represent an important contribution.

Appendix B. Additional model details

The parameters featuring in the equations that define the
adopted lumped-parameter thermodynamic model (sub-section
2.1) are here discussed in greater detail, including sources from
which numerical values are gathered.

B.1 Thermodynamic parameters

This sub-section focuses on those parameters associated with
the thermodynamic aspects of the simulation of space heating
demand, such as heat transfer coefficients, temperature and radi-
ation data, thermal capacities, heat fluxes and dimensionless fac-
tors required in heat-transfer equations.

B.1.1 Heat transfer coefficients

The heat transfer coefficients featuring equations (1)—(3) are
obtained as follows.

h,; — Conductive Heat Transfer Coefficient. Each building
element of the system has a specific conductive heat transfer
coefficient which depends on the materials adopted and on the
number of material layers. Such coefficient is evaluated as a
function of the U-value (the thermal transmittance of the
building element, expressed in W-.m 2.K~! computed as per
Equation (5), based on the prescriptions of UNI EN ISO 6946:2018
[27].

Wem2.K1 (4)

hsi.eli

where h,; (W-m~2.K~1) is the internal surface heat transfer coef-
ficient; and hge (W-m’z-l(’l) is the external surface heat transfer
coefficient. The first comprises both convective and radiative heat
transfer coefficients and is a constant. The second assumes different
values based on the direction (vertical/horizontal) of the thermal
flow. Both are gathered from ISO 13789:2017 [28].

U-values for the case of a single-family building are reported in
Table 4. For full numerical values, the reader is referred to HeCo's
open repository.

Hye — Overall Heat Exchange Coefficient by Ventilation. As
described in ISO 52016—1:2017 [29], such coefficient is computed
as per Equation (6).

Hue = paCady ¢ [W - K] (5)
where the product p,cq (J-m~3.K 1) is the heat capacity of air per
unit volume; and qy; (m>-s~1) is the airflow rate.

Hy, — Overall Heat Transfer Coefficient for Thermal Bridges.
Again based on in ISO 52016—1:2017 [29], this coefficient is
computed as per Equation (7).
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Hpy = (b - Yink) {W . KA] (6)

k

where Iy, (m) is the length of a linear thermal bridge k; and
(W-m~'.K™1)) is the linear thermal transmittance of a linear
thermal bridge k, both obtained from ISO 13789:2017 [28].
Buildings constructed after 2005 represent an exception; for such
category, Hy;, is assumed equal to a 15% increase of the overall heat
transfer value due to transmission, as fixed by D. Igs n.192/2005 [25].

B.1.2 Weather data

All weather data (outdoor ambient air temperature, and diffuse
and direct radiation for different surface orientations) are gathered
from Renewables. ninja, an openly accessible database which pro-
vides weather data and renewable generation patterns for any
location in the world, based on the weather reanalysis methodol-
ogies proposed by Pfenninger & Staffel [30].

B.1.3 Thermal capacities

Thermal capacities featuring equations (2) and (3) are obtained
as described below.

Kint e1i — Internal Areal Heat Capacity of the Building Element.
The internal areal heat capacity is calculated with a simplified
method as a product of the thickness of the wall, the density and
the specific heat of the material, based on the prescriptions of ISO
52016—1:2017 [29].

Cint — Internal Thermal Capacity. The thermal capacity of the
internal environment is computed according to ISO 52016:2017
[29], by means of Equation (8).
Cint = kincAy[J - K] (7)
where kipe (Jom~2-K~!) is the areal thermal capacity of air and
furniture of the considered building; and Af (m?) is the useful floor
area of the building.

B.1.4 Heat fluxes

Heat fluxes featuring equations (1)—(3) are obtained as
described below.

;e — Total Internal Heat Gain. Following the prescriptions of
UNI/TS-11300—1:2014 [31], the total internal heat gains are
computed as a function of the total floor area, as per Equation (9).

Gine =7.987-A¢ — 0.0353-AF[W] (8)

For useful floor area of the dwelling larger than 120 m? the value
of @;,, is simply equal to 450 W.

g1+ — Directly Transmitted Solar Heat Gain. Again based on
ISO 52016—1:2017 [29], the directly transmitted solar gain is
computed as per Equation (10).

n

Dsor e = Z:l [gwi,t<1dijf‘eli,t+Idir‘eri,thh,wi.,t> '/“wi(1 _Ffr,wi>] (W]
Wi=
9)

where g, (—) is the total solar energy transmittance of the win-
dow wi; Fg i (=) is the shading reduction factor accounting for
the presence of external obstacles for window wi; Fs wi (=) is the
frame area fraction of window wi; and A,,; (m?) is the surface area
of window wi.

@skyelic — Thermal Radiation to the Sky. Accounts for the
fraction of solar radiation that is dispersed to the sky and is
computed by means of Equation 11, based on ISO 52016—1:2017
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[29].

Pskyelit = Fsky,elihTeAﬁsky [W ° miz} (10)
where Fyy o (—) is the view factor with respect to the sky, defined
in the same ISO standard; hye (W- m 2. K‘1) is the external radiative
surface heat transfer coefficient, chosen as in ISO 13789:2017 [28];
and 49, (K) is the average difference between the apparent sky
temperature and the air temperature, whose indicative values are
available in ISO 52016—1:2017 [29].

B.1.5 Dimensionless factors

fuc — Convective Fraction of the HC Flux; f;,;; — Convective
Fraction of the Internal Gains; f;,; — Convective Fraction of the
Solar Radiation; as,; — Solar Absorption Coefficient of External
Surface (assumed for an intermediate colour; null for transparent
elements); and Fy;, — Shading Reduction Factor (representing the
ratio between the actual direct irradiance on a building element
and the direct solar irradiance on it in the ideal case of no obstacle
presence in the surroundings) are all gathered from ISO
52016—1:2017 [29].

B.2 User behaviour and heating periods

As discussed in sub-section 2.2, the model follows a number of
real-life relevant constraints. Table 5 reports the periods in which
residential heating is allowed by the Italian legislation. Table 6 re-
ports the three possible settings for sunlight hours (07:00—22:00),
where the indoor comfort temperature set point is assumed to be
20 °C and the low set point 16 °C. Night-hour regulation is instead
assumed to be identical among user types and fixed to the low set
point. In particular, the following shares (among all Italian house-
holds) are identified for each setting: 25.3% for setting R1, 26.3% for
setting R2 and 48.4% for setting R3.

B.5 Characteristics of Nearly Zero-Energy Buildings

The U-values obtained for NZEBs based on the method dis-
cussed in sub-section 2.3 are reported in Table 7 for the case of
single-family buildings. Full numerical values for all archetypes are
available at HeCo's open repository. Achieving such limit values
requires significant enhancements of the insulation properties of
existing buildings. Required transmittance reductions for vertical
walls range from —82.4% to —16%, depending on the building ge-
ometry and climatic zone, whilst reductions in the transmittance of
transparent surfaces (windows) range from —78.3% to —23.1%. The
envelope renovation must be carried out through processes of
thermal insulation coating; a proper insulating material needs to be
added to roof, ground floor and walls, while windows needs to be
substituted. For vertical walls, fiberglass is considered the prefer-
able insulating material, and the thickness of the additional insu-
lation is calculated for each case as reported in Table 8. Finally, it is
worth noting that the U-value limits are intended by the Italian
legislation as already comprehensive of all thermal bridges. For this
reason, the overall thermal bridges transmittance (Hy,) is null for
this category.
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Nomenclature

ag,: solar absorption coefficient of the external surfaces ( — )

Agji: surface area of the i-th building element (m?)

Ator: surface area of the total envelope (m?)

As: useful floor area of the building (m2)

Ayi: area of the window wi (m?)

Cine: thermal capacity of internal air (J -K~1)

Cq: air specific heat (kWh kg1 -K~1)

frc: convective fraction of the HC heat flux ( —)

fine: convective fraction of internal gains ( — )

fso1: convective fraction of solar gains ( — )

F,p,: shading reduction factor ( — )

Fgpwir: shading reduction factor for window wi ( — )

Fyy elic view factor to the sky ( —)

Fy wi: frame area fraction of the window wi ( —)

Zyiy: total solar energy transmittance of the window wi ( —)

heiei: internal surface convective heat transfer coefficient (W -m=2 -K-1)
he;i: building element heat transfer coefficient (W -m=2 -K~1)«

hyre: external radiative surface heat transfer coefficient (W -m~2 -K~1)
hse: external surface heat transfer coefficient (W -m=2 -K~1)

H,e: overall ventilation heat exchange coefficient (W -K—1)

Hyy: overall thermal bridges heat exchange coefficient (W -K~1)

Kpii eiic internal heat capacity of the i-th building element (J -m~2 -K~1)
Laify e1i diffuse part of solar irradiation on the i-th element (W -m2)
Lyir elie: direct part of solar irradiation on the i-th element (W -m~2)
lyp - length of linear thermal bridge k (m)

qy: airflow rate (m3 -s~1)

Ta.: internal air temperature (K)

Ter: external (ambient) air temperature (K)

Text eli ¢ i-th building element external surface temperature (K)

Tine: indoor ambient temperature (K)

Tintelie: i-th building element internal surface temperature (K)

Tser: set point ambient temperature (K)

U: overall heat transfer coefficient (W -m~2 -K~1)

At: time step (h)

49, average diff. between apparent sky and air temperature (K)
bsky,eii- Tadiative heat flux to the sky (W -m2)

@yc: total heating/cooling load (W)

;¢ total internal heat gain (W)

@gp: directly transmitted heat gain (W)

pg: air density (kg -m—3)

Vi - linear thermal transmittance of a linear thermal bridge (W -m~1 -K~1)

Acronyms

NZEB: Nearly Zero-Energy Building
P2H: Power-to-Heat

SLP: Standard Load Profile

RC: Resistance-Capacitance
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