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Abstract

The building sector plays a major role in terms of energy
consumption and consequently carbon emissions in a city.
In a typical European city, the share of COz related to this
sector is around 40-50%, being the most impacting one. In
this context, characterised by high complexity, it is neces-
sary to develop manageable, science-based models that
policymakers can use to design and simulate the impact of
feasible decarbonisation actions over space and time.

This paper presents a simulation platform capable of mod-
elling actions for city decarbonization, particularly focus-
ing on the building sector. Each action is modelled in
terms of primary energy exploitation (type and quantity)
and its impacts on energy consumption and emissions us-
ing a tailored set of metrics. This involves considering the
unique characteristics and challenges of the city, such as
its existing infrastructure, building stock, energy sources,
and policy context.

The proposed approach is applied to a real European city
to demonstrate its feasibility and assess its effectiveness in
achieving emissions reduction targets. The results provide
effective support to the municipality in setting up the city

action plan towards climate neutrality.

1. Introduction

Climate change is a global problem, but attention
should be focused on the city context. Despite occu-
pying only 2% of the Earth's surface, cities are re-
sponsible for more than 70% of global emissions and
consume 2/3 of global energy (Zapata Arango et al.,
2024; Hoornweg et al., 2020). Additionally, they of-
fer a favourable context for implementing targeted

actions, leading to significant results, not only in
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emission reductions, but also in air pollution, biodi-
versity loss, and energy poverty reduction. Scaling
down further, the building sector alone is responsi-
ble for 37% of global CO: emissions and 34% of en-
ergy demand. This creates an urgent need to decar-
bonize and improve the energy performance of the
urban built environment (Hoornweg et al., 2020)
searching for cost-optimized solutions (Ferrara et
al., 2018). This paper proposes a science-based ap-
proach to achieving these goals, focusing on the
macro-actions needed to make existing buildings
near-zero energy buildings (NZEBs) (Ferrara et al.,
2015; Jaysawal et al., 2022), considering climate
change and creating useful tools for policymakers

facing these challenges.

1.1 Scope of the Work

This paper aims to present a simulation platform ca-
pable of modelling actions for city decarbonization
towards carbon neutrality (Anselmo et al., 2023),
particularly focusing on actions related to the build-
ing sector. This was created in the context of the EU
Mission “100 carbon-neutral cities by 2030” (The 100
Climate-Neutral and Smart Cities by 2030, 2024)
aiming to support cities in defining their path to-

wards carbon neutrality.

2. Materials and Methods

2.1 Conception of the Simulation
Platform

The primary goal of a city should be to reduce GHG

emissions from anthropogenic activities within a
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well-defined city boundary. To achieve this crucial
goal, it is essential to have a complete understand-
ing of the starting point, i.e., the emissions produced
by the city in a specific year considered as a baseline,
and then to define a timeframe to achieve the set tar-
gets.
This process implies a thorough analysis of the key
sectors within the urban environment that contrib-
ute significantly to emissions, enabling the defini-
tion of a list of effective “macro-actions” that can
guide decision-makers who will then select more
specific actions to be implemented, moving from a
general to a particular view.
Understanding the impact of these macro-actions is
crucial as it helps create emission reduction scenar-
ios that are both reasonable and effective.
To provide real support to policymakers, it is
planned to formalise these actions and link them to
the “city's ontology” (Fig. 1). The ontology maps the
logical relationships between various entities and
forms the basis for defining individual actions and
all ‘what if” analyses. The goals are to:
- Formalise the correlations and interactions
between entities in the City;
- Understand how actions generate a change in

the state of the city.

Fig. 1 — Conceptual scheme of the City Ontology, EST Lab

By creating a Python code, accompanied by a formal
document specifying all the data, primary and sec-
ondary, used and the mathematical approach be-
hind the functions, it will be possible to quantita-
tively evaluate the impacts of the considered ac-
tions. By defining then an "Action Type" and char-
acteristic parameters linked to it through a Json file,
it will be possible to establish new, more sectorial
and specific actions, linked to the city context
(Fig. 2).
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Fig. 2 — Functional scheme of the function libraries

This concept is the foundation of a new interactive
simulation platform named CLICC, where various
actors in a city can enter the actions that have been
conceived, implemented or are underway, leading
to a reduction in CO 2 emissions and defining a path
towards carbon neutrality.

City system data are automatically and systemati-

cally organised into an ad hoc data room, based on

a data lakehouse architecture, with web crawlers

and automatic validation systems.

Furthermore, the platform is particularly useful for

monitoring the current situation thanks to an inter-

active dashboard, which allows users to:

- track the evolution of the city systems with re-
spect to climate neutrality goals;

- monitor the trend of GHG emissions (CO2,
N20O, F-gases, SF6, NF3, CH4 ), in terms of cur-
rent value, current target and final target;

- monitor the overall investments, in terms of
current value, current target and final target;

- graphically see the evolution of normalised
emissions and investment over the whole-time
horizon.

Therefore, policy decision-makers can easily under-

stand the evolutionary trajectory of the systems and

the potential need for corrective actions to accom-
plish the final goals.

In addition, an interactive tool supports this by al-

lowing users to explore the city, understand its main

peculiarities, and access several georeferenced data.

In particular, it permits:

- Exploring each building on a 2D/3D map, ob-
taining information on the building type, sur-
face area, heating system, solar PV producibil-
ity and Energy Performance Certificate (EPC).

- Geolocating all the generation plants (PV, hy-
dro, and traditional non-res) and the city's feed-

ers, primary and secondary substations.
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- Exploring the main energy infrastructures of
the city (e.g., electricity distribution lines).

- Graphically selecting areas or groups of build-
ings on the map for simulating specific policy
actions.

- Monitoring public and private transport
through parameters such as kilometres trav-
elled and fuels used.

The platform also manages financial aspects (time
horizon, funder, amount of investment), details
(“what” and “where”), co-benefits, and barriers of
each action.
All necessary methodologies are included in the
platform (Fig. 3), from identifying the baseline in-
ventory of the city's GHG emissions (by type of gas
and by sector) to combining actions, identifying rel-
evant time horizons and impacts in terms of GHG
reductions compared to the baseline inventory, and
including investment details over the time horizon
for each action included in the pathway (both in ab-
solute value and as a percentage of the total) and the
relevant financiers.
With these tools, the decision-maker can combine
the actions inserted in the platform into different
scenarios and evaluate the most appropriate one for
the city. This decision-making process is comple-
mented by a cost/benefit analysis of these scenarios,
considering all possible barriers but also the co-ben-
efits.

Another crucial aspect is the opportunity for citi-

zens to be an integral part of the city's reality, thanks

to access to general evolutionary tracking infor-
mation. In this way, citizens become active partici-
pants in the community’s growth and development,

encouraging a sense of shared responsibility.

Fig. 3 — Platform scheme

2.2 Function Modelling

A function is the formalization and implementation
of a model that allows the computation of its out-

puts for given inputs and parameters (in terms of

COzeq avoided, in general whichever outcome of the
action). The functions reported in this paper focus
on reducing emissions in the built environment sec-
tor.

The first step towards this goal was to select and
analyse all implementable actions in the built
environment sector, starting with a study based on data
provided by the International Energy Agency (IEA),
which examined the main sources of CO: emissions in
the life cycle of buildings (Italy 2023, 2023).

= Cooking = Lighting m Space cooling m Water heating m Appliances = Space heating

Fig.4 — Emissions of GHG from Building’s activities in 2021 (Italy
2023, 2023)

The analysis showed that most CO2 emissions came
from the operational use of energy in buildings, in-
cluding daily activities such as heating, cooling,
lighting and using household appliances. In partic-
ular, space heating and household appliances are
the main emitters.

The first general step, common to all actions, is to
create a detailed GHG inventory. This inventory
must report all emissions broken down by sector,
according to the Global Protocol for Community-
Scale GHG Emission Inventories (GPC), complying
with the 2006 Intergovernmental Panel on Climate
Change (IPCC) guidelines (GHG Protocol for Cities,
2024).

In some situations, cities may wuse direct
measurements of GHG emissions (e.g. through the
use of continuous emission monitoring systems in
power plants), resulting in a highly accurate
inventory. However, for most emission sources,
cities will have to rely on estimates. In general, a
quantity referring to human activity, responsible for
the emissions to be estimated, is combined with a
coefficient to quantify emissions per unit of activity.
The first quantity is called Activity data (AD) while
the coefficient is identified as Emission factor (EF),

as follows:
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1
Emissions = AD -EF[:CO:E,,I] M

Therefore, the generic Eq. 1 provides cities with a
systematic method for evaluating greenhouse gas
emissions. This procedure requires the accurate ac-
quisition and analysis of data on the activity in focus
and the detailed implementation of appropriate
emission factors.

Based on this, models for the different macro-ac-
tions identified for a specific context can be devel-

oped, as described below.

2.21 Increasing The Number Of Connected
Users And Optimising The DH
Network

This action evaluates the GHG emissions that can be

avoided by replacing traditional, fossil-fuelled do-

mestic heating systems with a connection to the dis-
trict heating network. The environmental benefit
comes from switching from multiple heat genera-
tion units distributed throughout the municipality
to a few centralised combined heat and power gen-

eration sites.

ton, ¥new (2)
iy

Volpy, = Vo
Where knew is the percentage of the total volume of
buildings connected to district heating and ki is the
percentage of buildings connected in the reference
year.

Accordingly, a proportion is also implemented for
the calculation of new MWh installed:

_ Epny#Volphg,, (3)

E =
DHI!EI'.' UD:D”I

If AEpH,s<EpieseLs the district heating will be used to
connect buildings with an existing diesel heating

system, where

4

AEpy, = Epupey, — Ep1s @)
So, the reduction of emissions will be:

. 5

ACO;,, ., =AEgp, * (foreser) )

(6)

ACQ,, = AEg, * {fD.EESE.L- - fDH.;m-_-}
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If AEpus>EpieseLs the district heating will be also
used to connect buildings with an existing natural
gas heating system, starting from those in class G
and F (the energy provided by district heating will
be equally distributed to class G and F - this will be
used for following actions).

7
ﬁCO:r‘N = {JﬁEdh_\, - EDIESEL) * (fG,'v', ) ( )

ACOy, . = Eprgsprg* (forzses — fDH.:c..,-}-l' ("—\Edh,\. -

EpgseL 5} * {f N, fDH,::.-_-} ®

2.2.2 Improvement Of Thermal Insulation
The model function evaluates avoidable GHG
emissions as a result of improved thermal insulation of
buildings. In particular, the function evaluates the
difference in emissions that would occur if no
improvements were made, and the emissions related to
buildings after increasing their energy performance.
When a building carries out this intervention, it
makes a jump in energy class. Consumption, and
consequently also emissions, are calculated accord-
ing to the change from a lower to a higher energy
class and thus the reduction in average thermal en-
ergy as defined by the EPA. First of all, the new area
is calculated for each energy class in the final year:
the example represents the transition of buildings
from class E to class D and the respective reduction
in consumption of the next class.

The following equations must be applied separately

for the industrial, residential and tertiary sectors.

HFAcipnew=HFAcLp,1+HF AcLe-HF Acip eftnew (9)

Where HFAcip,1 is the heated floor area of the cur-
rent class D, HFActe is the area of the class E build-
ings that with the thermal insulation action move to
class D, and HF Acip is the area of the class D build-
ings that move to class C. These values can be calcu-
lated considering a percentage of building for the
class that has to be renovated with thermal insula-

tion:
HF Adefi,new=kcrrHF Act1 (10)

With ka the percentage of buildings for a class that
we want to renovate (from 0 to 100%);(the default
values are listed in the tab7: Renovated surfaces by

energy class and sector) this calculation has to be
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done using the same renovation rate for both for
buildings with natural gas heating system and for
buildings connected to district heating because the

specific thermal energy per class is different.

The consumption for each class is obtained as fol-
lows (this is an example for class D).

Ewm,ci0,1=Qnp"HFAcLD1 (11)
Eth, Cl,D,new= Qh,D 'HFACL, D,new (12)

where Qnpis the average thermal energy, obtained
from APE data. The total amount of energy per class

is calculated as follow:

Erhr.i"'-lzzv.' = EErhf-'tr,.x-,.,,. *X (13)
Ef'hDHuzv.' = EE{hl’-'h:eu.' (14)
Eonw, = SBongy, *¥ (15)

(16)

Ecppn, = ZErhr;,D”I

With and
Doy T TEeng,,

energy consumption for all the classes for the gas-

respectively the amount of

supply buildings and the district heating and x the
scaling factor due to an overestimation of the natu-
ral gas emission with the APE compared to the base-
line.

For calculating the emissions reduction directly af-
fected due to the action of thermal insulation we cal-

culate the reduction of energy consumption.

AE?hn.\' = J":‘:ﬁ'fr..\'.:ﬂ.,_- - JEﬁ"r..\'. (17)
‘&Eﬂioir = Eth,—_;,;,.“”__ - Eﬂ?oir, (18)

And the reduction of emissions is:
ﬂCOfr..\' = ‘ﬂ'thf..\' * fGl"\"l (19)
ﬂCOjD” = ‘G‘Ef'hor'.' * fDHI (20)

With fon and fou respectively the emission factor of

natural gas and district heating.

2.2.3 Heat Pumps And PV Installation

The model function estimates the avoidable green-
house gas emissions as a result of installing heat
pumps in buildings. The heated floor area of build-
ings for an energy class in which we want to install

a heat pump is equal to:

21
HFAgp, = kcyup * HFAgy,, -

With keinp is the percentage of buildings with natu-
ral gas heating systems that we want to replace and
HFAcn_ai is the floor area for the class of buildings
that have a gas heating system. The energy to be
supplied by heat pumps is equal to the annual ther-
mal energy demand of the building to which is
added that for the production of domestic hot water,

and is equal to:

E”dr'-’-”r:lo = HFAHPr.w + EPH,
EPWyq LD

+ HFAHPI‘.'LD *

i

(22)

Where HFAnrcip is the floor area of buildings that
are installing a heat pump and are upgrading to an-
other class, EPHnd_cip is the useful thermal perfor-
mance index for heating, and EPWnd_cip is the useful
heat performance index for domestic hot water pro-
duction.

The new gas consumption will be:
Eth,oN,ciD new=Eth,GN,c1,0-Eth1p,c1,0 (23)

Where Emcnep is the thermal consumption of the

class equal to:

(24)
Eerinpy = QHon,,, * HFAonep

Where Qucnep is the average thermal energy sup-
plied to the heating system for class D, taken as a
general example and HFAcncp is the natural gas-
heated floor area of the class before the installation
of heat pumps.

(25)

E,
11 1)

E =
thueoy Nimp

With 1_imp the seasonal average efficiency of a gas
heating system. However, the installation of the

heat pump implies an increase in electricity con-

sumption, which must be evaluated according to the

change in class of the building. Enayp

Bl )
cop

EBI,HPL-LM =
(26)

With Eenpciar the new electrical consumption of

Class Al due to heat pumps, COP, coefficient of per-
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formance, which represents the efficiency of a heat
pump, that is the ratio of heat delivered to the room
to be heated to the electrical energy consumed,
taken equal to 3.

To calculate the new gas consumption, the total in-
crease in electricity consumption and the total heat
energy supplied by the heat pumps, we will sum the
gas consumption, the increase in electricity con-
sumption and the heat energy supplied by the heat

pumps for all classes.

27
E?hr..\':ngn = EErhr"\lﬁ'l:n:{n ( )

(28)
Es!,-,.pn“w = EEE:HPL‘.

29
th;fi'nuw = ZErh”PL‘lnuw ( )

If the energy would be taken by the national grid
there will be to consider a new emission factor of the

electricity feinew, so the equation would be:

30
ACO, = Erh,-,gnuw * fen, — Es:,-,,,nuw * fELnuw (30)

A scenario is also proposed in which a photovoltaic
system is also installed at the same time, so that the
energy supplied to the heat pumps is generated di-
rectly by the photovoltaic panels, with no emissions

generated.

@1

ACO, = Erh,-,.,,nuw * fen, — Es:,-,,,nuw * fE1py

Where Ewtpnew is the thermal energy supplied by
heat pumps in the year in which it is wanted to eval-
uate the emission reduction for all energy classes
and fen1is the natural gas emission factor in the ref-
erence year and feLpv the emission factor of PVs, as-
sumed equal to 0.

PV panels are dimensioned depending on how
much energy should be consumed by heat pumps;
considering that these panels are discontinuous in
that production, which is greatest in the middle of
the day, when solar irradiation is at its highest and
lower in the morning, evening and cloudy days, the
installation of a storage system was also assumed.
Considering a self-consumption of less than 100 per
cent, the photovoltaic panels are sized to generate

more energy than is needed to run the heat pumps.
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This energy will be recovered with a storage system.
Thus, the electricity per class produced by the pho-
tovoltaic panels is equal to:

. (EPHa +EPWya)sHF Agyy | (32)
sloy k. +COP

Where Eepv is the energy generated by PVs,
EPH_nd and EPW_nd are the useful thermal per-
formance index for heating and the useful thermal
performance index for domestic hot water produc-
tion respectively, COP is the average efficiency of
the heat pump, and HF At c1 is the heated surface
area of a class in which is installed a heat pump, ka

is the auto consumption.

2.2.4  Electricity Storage

The purpose of storage systems connected to photo-
voltaic systems is to store the electricity produced
by photovoltaic panels during periods of overpro-
duction and to release it when solar production is
lower than demand; this system improves the effi-
ciency of the system and allows a more stable en-
ergy supply.

This scenario assumes the installation of a storage
system in buildings that already have a heat pump
and consequently a photovoltaic system installed.
The storage system makes it possible to use the en-
ergy generated by the photovoltaic panels even at
times when production is lower and thus to increase
self-consumption, to achieve 100 per cent self-con-
sumption.

It is assumed that the energy to be supplied by the
E_st storage system is equal to the electricity gener-
ated by the photovoltaic panels that is not self-con-

sumed.

: 33
E,=1(1- kﬂ) ® Es!py ( )
The storage action will have an impact on the reduc-
tion of emissions because the energy that is auto-
consumed during the hours when PVs cannot sup-
ply the energy needed, would be lost. So, the reduc-

tion is equal to:

ACO, =B+ fur (34)

Where fe1 is the electricity emission factor in the

baseline year.



Modelling Actions at the Building Stock Level for Decision-Making Towards Carbon-Neutral Cities

We can also consider buildings, which have in-
stalled photovoltaic panels and a storage system, as
a result of the action of thermal insulation and the
installation of heat pumps, can be considered to be
in class A4 as the non-renewable primary energy in-

dex will be close to 0.

2.2.5 Energy Class of Appliances

The model function calculates the reduction in emis-
sions resulting from the use of more efficient appliances
and electronic devices in buildings, evaluated consider-
ing the new energy labels defined for the most fre-
quently used appliances.

The consumption for electrical devices in an house-

hold would be equal to

EE:X = EE:.\'c.-'mn * ﬂ-r (35)

Where Eelsector is the electrical consumption of each
sector in the baseline year, and P« is the percentage
of electrical consumption per use referring to the to-
tal.

The action will reduce the electrical consumption as

follows:

(36)

E_; ) =a*E_,
Eldpy—improve dopw Elder npy

With a the percentage of buildings that we want to
improve.

So, for each sector we have a reduction equal to:

37)

AE,=E —-E

1 ) 1 .
Flder—improve dy Flder— improvedy py

The emission reduction due to the reduction of elec-

trical consumption is equal to:

(38)
ACO, = AEg + fu

2.3 The Case Study and the
Decarbonisation Scenario

The proposed methodology was applied to the prac-
tical case of the city of Turin, one of the 100 cities
selected by the European Commission in the context
of the mission '100 climate neutral and smart cities
by 2030'. A decarbonization scenario was simulated,
considering 100% of buildings in classes G, F and E
retrofitted (45% of buildings), extending the goal in-

cluded in the proposal for the recast of EPBD
(Energy Performance of Buildings Directive), which
mandates that all residential buildings reach at least
class D by 2033. The percentage of renovated floor
surfaces would be 65.1% of residential, 46.3% of ter-
tiary and 81.1% of industrial buildings. Addition-
ally, heat pumps will be installed in 45% of build-
ings that are not connected to the district heating
network, with electricity demand entirely covered
by PV with storage systems. Then the proposed plan
involves converting all buildings with oil systems to
district heating, with the remaining volume com-
prising buildings with natural gas systems, cover-
ing 70% of the total built environment volume. The
recovery of waste heat from data centres is also con-
sidered, providing a new source of clean energy for

district heating.

3. Results

3.1 The CLICC Platform

The CLICC platform allows the results of the pro-
posed decarbonisation scenario to be tracked. It
monitors the trends of GHG emissions and invest-
ments, showing their current value, current target

and final target (Fig. 5).

Fig. 5 — CLICC Interactive dashboard

The platform can automatically calculate the emis-
sion reduction in [t/y] referring to each action that
the policy maker selected during the creation of the
pathway, and evaluate their combined effect on the
value of the emission factors (Fig. 6). The proposed
actions reduce the emission factors of the different
commodities used and this leads to a significant

reduction in emissions.
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Fig. 6 — CLICC Workspace — Built environment action results

Moreover, thanks to its data management and visu-
alisation system, it is possible to keep the entire built
environment of Turin under control, through a dig-

ital twin of the city (Fig. 7).

Fig. 7 — CLICC City explorer— Built environment in Turin

3.2 Decarbonisation of the Building
Sector

Another important result of this modelling is the
decarbonisation of the city's built environment
(Fig.8). In fact, the proposed actions, in a first anal-
ysis, succeeded in reducing emissions by approxi-
mately 37% in 2019, the baseline year chosen by the
city.

Decarbonization due to CCs... I
FS6 Energy Class of equipment
FS3 Electricity storage
FS4 HeatPumps PV I
F53 Data Center Heat
FS2Thermal insulation  nE_—_——
]

F51 DST Heating

0 200000 400000
CO2 [thy]

Fig. 8 — CO; avoided due to actions related to the building sector
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4. Conclusions

This research demonstrates the feasibility of decar-
bonising cities through a scientific approach,
providing models and a simulation tool to assess the
impact of proposed decarbonisation actions. The
construction of an automated simulation platform
facilitates the complex process of city energy transi-
tion, allowing real-time monitoring and modifica-
tion of actions to align with set targets. The study
also emphasises the importance of the building sec-
tor and how interventions in this area can signifi-
cantly contribute to urban decarbonisation and
serves as a starting point for further future develop-
ments based on data with greater granularity and,
therefore, a lower degree of uncertainty. Specific ac-
tions implemented in Turin demonstrate the effec-
tiveness of such interventions, but these are only in-
dicative results aimed at demonstrating the effec-
tiveness of the model, and require further steps to
obtain actual decarbonisation results. However, this
shows that the application of the method is adapta-
ble to the data available as well as to different levels
and in different cities and contexts, extending to
other sectors such as transport and industry, in sup-
port of a comprehensive approach to urban transi-

tion.
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Nomenclature
Symbols
AD Activity Data
f Emission Factor
k Share of buildings’ volume
connected to DH network
E Energy consumption

HFA Heated Floor Area
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ke Share of building renovation
Ewm Thermal energy
X APE scaling factor

EPHna  Heating performance index

EPWna  DHW performance index

Quena  Average thermal energy supplied
to the heating system

n_imp Gas heating system seasonal
average efficiency

Ccop Coeffient of Performance

ka Share of autoconsumption

Eel Electrical consumption

Bx Share of electricity per use

a Percentage of buildings with

renovated electrical appliances
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