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Scope of deliverable (PhD)

A research project on consumer incitements to be flexible in consumption patterns and the
consequence of this on future RE-based supply systems. The research is conducted with an offset in
statistical data analysis and building energy modelling by making use of high-resolution smart meter
data obtained from district heating consumer substations.

Context of deliverable

The research project is part of work package 3: Proposing and developing integrated smart city
heating/cooling system solutions.

Perspective of deliverable (PhD)

A better understanding of the mutual dependency between costs for operation and maintenance of
the DH distribution network and the demand-side can point to business solutions that can ensure a
more socio-economically optimal interaction between building renovation and a RE-based energy
system. And new business models must be developed if such interaction is to be encouraged.

A greater interaction between the supply and demand might be of value for both AVA (the DH
company) and the consumers. Can building renovation activity be aligned with DH system needs?
Could all benefit from AVA offering to own and operate customer DH units and thereby moving the
supply boundary across the household threshold? The network pipes usually have an expected
lifetime of around 30 years. The cost of installation, maintenance, and expansion of the network are
substantial. The economically best solution could in some cases be to avoid expansion by adapting
consumption, so it best matches the network capacity. This might require that the end-users or at
least their installations are activated in the system. Such solutions will require new business models
to encourage more two-way interaction.

Involved partners

An industrial Ph.D. student was attached to AVA (Aarhus district heating company), represented by
Adam Brun, and received tutoring from Aarhus University, represented by Steffen Petersen.

A Postdoc was employed by AVA (Aarhus district heating company), represented by Lasse Sgrensen,
and supported by Aarhus University, represented by Steffen Petersen.

Authors

Martin Heine Kristensen, Postdoc at Aarhus district heating company.
Kirsten Dyhr-Mikkelsen, Aarhus local coordinator.

Summary

The original work plan comprising three years of Ph.D. work (01 September 2015 — 31 August 2018)
was extended due to paternity leave (24 October 2016 — 19 November 2016) to 01 September 2015
— 30 September 2018. However, the thesis work was terminated 01 September 2017 before
completion. Only 2 publications were completed before interruption.

The remaining work was transferred to a one-year industrial postdoc project within the period 01
November 2018 — 01 November 2019. The postdoc project focussed on applying a data-driven
approach to resolve the aims of this deliverable in terms of the hourly smart meter data obtained
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from all customers in the district heating network of Aarhus. In particular, the project investigated
the application of using customer data to setup, calibrate and validate physics-based archetype
heating energy models of the different building typologies in the city, to be used for reproducing the
district heating load in the system and subsequently forecast future loads. These archetype models
could then be used to analyse the effect of different demand-side interventions on the system load,
for instance the effect of typology-specific retrofits and energy flexible demand response schemes.
Four formal publications were published based on the postdoc work: three in international journal
magazines and conference proceedings, and one less formal article in a Danish magazine aimed at
district heating professionals.

Furthermore, the postdoc project became involved in two field experimental sub-projects aimed at
investigating the potentials and mechanisms of consumer flexible heating energy use (demand
response); 1) a project in which 10 apartments were equipped with radio-controlled thermostats,
and 2) a project in which two single-family houses were equipped with a radio-controlled heating
systems. In both demand-response experiments, the goal was to evaluate the user experiences and
their perception of the thermal environment when exposed to a scenario where their heating is shut
off during the critical peak-hours, i.e. during morning-hours when the district heating capacity is
stressed. However, none of these experiments were finalized before the deadline of this deliverable.

The work done in the postdoc is currently being used actively in the Energy Leap network initiated by
the Aarhus Climate Secretariat. Here professional building owners commit to improving energy
efficiency and use benchmarking as one of the tools in visualising potentials and the impact of
efforts made. For more detail, please see D5.3.2.
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1. Overview of publications

Please find below an overview of the formal publications produced by the Ph.D. student and
the PostDoc. Some of the PostDoc publications will be published after submission of this
report but they have none-the-less been listed here for the sake of completion.

Publications by Ph.D. student

1. Direct and indirect district heating network energy savings from building retrofit

Date Sep 2016

Authors R. Pedersen, M.H. Kristensen, S. Petersen, A. Brun, and G. Andresen

Place 2" International Conference on Smart Energy Systems and 4" Generation District
heating

Type of publication | Conference abstract in proceedings, 2 pages

Link http://www.4dh.eu/

2. User incentives for low-energy renovations in district heating systems of different scales

Date Sep 2017

Authors R. Pedersen, G. Andresen, and A. Brun

Place 3" International Conference on Smart Energy Systems and 4" Generation District
Heating

Type of publication | Conference abstract in proceedings, 2 pages

Link http://www.4dh.eu/images/2___20170912_4GDH_-_GBA.pdf

Comment Presented by co-author G. Andresen

Publication no. 1

District heating network savings
from building retrofit

Building retrofit to capacity problems

s Rasmus Pedersen
READY )
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S raspe@aarnus.dk
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Publication no. 2

INVEST i r SmartCities

READY and Communities

USER INCENTIVES FOR LOW-ENERGY
RENOVATIONS IN DISTRICT HEATING
SYSTEMS OF DIFFERENT SCALES

ABRHUS
W univERSITY

Publications by Postdoc

3. Timeoplgst forbrugsdata skaber viden om fremtidens fjernvarme [in Danish]

Date Aug 2019

Authors M. H. Kristensen

Place Fjernvarmen -- Dansk Fjernvarmes Magasin

Type of publication | Journal article

Link https://www.danskfjernvarme.dk/nyheder/magasinet/online-magasiner/2019-23-
august

Comment Magazine for Danish district heating professionals. Article title in English: “Hourly
consumption data creates knowledge about district heating for the future”.

4. Citywide hourly dynamic heat load forecasts using building archetype modeling

Date Sep 2019

Authors M. H. Kristensen, R. E. Hedegaard, S. Petersen

Place 5th International Conference on Smart Energy Systems
Type of publication | Conference abstract in proceedings, 1 page

Link https://smartenergysystems.eu/

5. Long-term forecasting of hourly district heating loads in urban areas using hierarchical archetype
modeling

Date Apr 2020

Authors M. H. Kristensen, R. E. Hedegaard, S. Petersen

Place Energy, The International Journal (Elsevier)

Type of publication | Journal article

Link https://www.journals.elsevier.com/energy

6. District heating energy efficiency of Danish building typologies

Date May 2020

Authors M. H. Kristensen, S. Petersen

Place Energy & Buildings

Type of publication | Journal article

Link https://www.journals.elsevier.com/energy-and-buildings
Comment Manuscript is expected to be submitted for publication in June 2020.

7. Experimental validation of a model-based method for separating the space heating and domestic hot
water components from smart-meter consumption data

Date May 2020

Authors R. E. Hedegaard, M. H. Kristensen, S. Petersen
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Place NSB 2020: 12th Symposium on Building Physics

Conference paper in proceedings

https://nsb2020.org/

Conference is to be held in Tallinn, September 2020.

8. Heat load demand response experiment in social housing apartments using wireless radiator setpoint
control
Date
Authors
Place

Type of publication
Link

Comment

May 2019

M. H. Kristensen, H. N. Knudsen, T. H. Christensen, L. S. Rasmussen

SES 2020: 6™ International conference on Smart Energy Systems

Conference abstract in proceedings

https://smartenergysystems.eu/

Abstract submitted. Conference is to be held in Aalborg, October 2020.

9. Evaluating the temperature performance of Danish building typologies in district heating networks
Date May 2019

Authors M. H. Kristensen, L. Sgrensen, S. Petersen

Place SES 2020: 6™ International conference on Smart Energy Systems

Type of publication | Conference abstract in proceedings

Link https://smartenergysystems.eu/

Comment Abstract submitted. Conference is to be held in Aalborg, October 2020.

10. Long-term heat load forecasting under uncertainty of energy renovation and climate change

Date May 2019

Authors M. H. Kristensen, R. E. Hedegard, S. Petersen

Place uSIM 2020: 2" IBPSA-Scotland conference on urban and community energy modelling
Type of publication | Conference abstract in proceedings

Link https://usim20.hw.ac.uk/

Comment Abstract submitted. Conference is to be held in Scotland, November 2020.

Type of publication
Link

Comment
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Martin Heine Kristensen®?, Rasmus Elbak Hedegaard?, Steffen Petersen?

AFFALDVARME A

L Department of Waste and District Heating (Affaldvarme Aarhus), Aarhus Municipality, Denmark

2 Department of Engineering, Aarhus University, Denmark / AARHUS
! ! N UNIVERSITY
DEPARTMENT OF ENGINEERING

Powered by

« IR INVEST stEnergies ¢ @mmmmee @
UN@ i /nnovation Fund Denmark 4DH

envirenment




Publication no. 5

READY

Energy 201 (2020) 17687

Contents lists available st SciencaDirect

Energy

journal homepage: www.elsevier.com/locate/anergy -

Long-term forecasting of hourly district heating loads in urban areas n
using hierarchical archetype modeling oo
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ABSTRACT

This paper demonstrates and validates the application of a recently proposed archetype modeling and
calibration framework for setting up 11 stochastc archetype bullding energy models of Danish detached
single-family houses (5FHs). Forthis task the municipal district heating system of Aarhus, Denmark, and
Its assoclated building sock were employed as case study, toget her comprising a dataset of 18 475 S5FH's
with hourly time serfes heating data for two years (20172018 The 11 physics based archetype maodels
were each callbrated using a training bullding sample with data from a one-year calibration period
(2017) and tested for thelr abllity to forecast the heat bbad of another bullding sample in a previously
unzeen one-year validaton period (2018) The calibrated archetype misdels were further tested for their
Joint forecasting ability to match the aggregated heat load of six suburban dwelling areas of different
compositon and location within the cty reglon of Aarhus, and finally for their ability to forecas the
entire ciywide dataset of 18 475 5FHs. The modeling framework perfoms very well for the aggregated
clywide predictions with a practically non-existent blas of the overall heat load during the valldaton
perod (NMBE < 0.5%) and with only moderate inaccuracles present in hourly load predictons
(MAPE « 12%). The high forecasting accuracy valldates the application of the demonarated archetype
medeling framework for long-term urban-scale predictons; however, analysks of the time seres emors
Indicate that the performance could be further improved by fbousing on a better representation of the
haoliday perods and by ensuring the training data to be adequately informative to enable a good call-
bration of the model parameters. The simplicity of the archetype madels coupled with the applied
physicsbased maodel structure makes the framework sultable for general energy planning purpeses. By
adapting a more dynamic model structure, it would also be posible to apply the framework for mone
complex analyas of, for instance, the urban-scale demand response and the general heating flescbility of
the building stock.

& 2020 Ekevier Lrd All nghts reserved.

1. Introdudtion

by Fg. 1. The top-down approaches typically rely on highly aggre-
gated energy consumption data in combination with statistical

Obtaining an energy-efficient building stock poses a critical
challenge in the transiion towards fourth genemtion district
heating (4GDH) systemns [1,2]. To this end, urban building energy
modeling (UBEM]) |3] can facilitate the varous types of energy
analysis of building stocks needed for informing the dedsion-
making process, According to the reviews by Swan and Ugursal
| 4], Kavgic et al. | 5] and lately by Li et al |G], UBEM approaches can
be categorized as top-down or bottom-up approaches as indicated

* Comespanding authar.
E-mail address: mahkr@axhusdk (MH. KnstensenlL

hittps: [ aolorg 006/ energy 2020 112687
0360-5442 fev 2020 Elsevier Ltd. All rights reserved.

methods for energy modeling, while the bottom-up approaches
focus on modeling the consumption of individual consumers
through either physics-based models or statistical methods.
Choosing one approach over the other depends on the purpose of
the analysis. The top-down statistical approaches seems to be the
muost effident for aggregated analysis, whether it being the aggre-
gated load of a district heating grid forecasted using machine
learning algorithms |7,8] or, for instance, for maoo-level retrofit
analysis of entire natonal building stocks |9] The statistical
bottom-up approach is appropriate if the purpose of the analysis is
to forecast the aggregated energy use of buildings using a subset
disaggregated  features |10 The physics-based  bottom-up
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Publication no. 6
Manuscript is expected published in June 2020.

District heating energy efficiency of Danish building typologies

Martin Heine Kriztenzen®!, Steffen Petersen®

! AffaldVarme Aarkms, Aa:h:.b.ﬁmpﬂ]m Earen Blizers Boulei=ed 7, 5220 Brabrand, Demmeerk
DepamnmufE.uﬂmenu? Aarhur: Univerz iy, InﬂEI_EhmmmsGadElI} BOO0 Amrims, Denpnark

* Coresponding author (mehkiZens o dk)

Highlizht:

+ Honoly distorict hesting energy use data fom spprox. 45 3530 convamers

= Publichy availzble building znd dwellins resister data

+ Building stock segmented intoe building typologies
-‘Lnnul]:remam nse intamsity

« Heat load vaniation

+ Temparanme aficiency

Abstract

The heating energy efficiency of Damzh bmldings 1= corrently vailed by the lack of hizh-rezelution and-user
conzumpiion data; 2 faet which apply partieularly to the distrniet heating-supphed buldings that mzke up approx. 34% of
the Damsh baldmg stock. Providing tis data has many benefits and applications m both district hezting operation and
syvetem plammmgz but could zlso find wse i, for metance, evaluating the acowracy of energy parfonmance cerfificates and
10 halp evaluate the effect of bulding code ensrgy requirements. In ths study, we collected and categornized hourly district
heating connumption data from 43 343 mdividual bailding substations locatad m the muicipality of Aarhus, Denmark,
for the vear of 2018, which lead fo a post-processed pool of 42 965 buldms-specific datassts. Through a combmation of
data sepmentation and statistical analveiz, we derived the heating energy afficiency of the five main ilding application
categories, and the seven dwelling-specific mbeatesories, uning threa efficiancy mdicators: 1) annuzl heating ansrgy uze
mtensity, 2} anmally acoummlated danly heat load vanation, and 3) cocling terperaturs of district heating water.

Keywords: Energy afficiency; Building typology; District baating; Heat load:

1 Imtroduoction

Eurcpe 1= roughly wsmz 50% of its energy consumption for heatmz and cocling purposes, whereof the majority 1=
used for buldmg space heating {2 %), mdusinal processes (16%2), and domestic hot water applications (4%%), respactrvely
[1]. The heating scurces are & mix of biomass, elactricity, cil, ga=, disinct heating, and coal-based technelogies, but the
specific composzition of these sources variss n:-ma.dmta'l}. betwraen countries [2]. In the case of diztrict heating 'LDI'IJ the
mizrket share 12 appross. 99 for Burope as a whels, while it constitute a share of 26-32% 1 the Nordic and Baltie comminies,
and a range of eastern Furopean counimies [3]. The century-long historie development of DH =ystems and itz corrent state,
az well as the firther development needed for district heating to play a role m fiuture =ustamzble anargy systems, are
featurad in various publications, for example [4-9]. A general tendency in the histonie devalopment of distnict heating 1=
the lowening of the distmbution temperaturs from beng steam-bazed in the first gensration of DH systems (vear 1830-
1530, over =100 *C pressunzed water m the second generation (vear 1930-1930), to <100 °C pressurized water m the
third generstion {vear 1980-20200. This frend 1= moest bkely to contimes; the distmbuotion temperature 15 expected to be
arpund 30-70 °C in the fourth generation of district heatmg (vear 2020-2030) — alzo referred to as 4GDH [4].

Lowearmg the distbution temperaturs has significant banefits in terms of energy efficiency of DH production and
distmbution svetems, such as increased efficiency of heating plants and decreased gnd losses [10]. Furthermere, a lower
distribution temperature will free production and grid capactty to allow mors consumers to ba connected to the same
{exazting) gnd [4,11], enable recycling of heat from low-temperature sources, like waste heat from processes in industry
[12.13]), and enabls imtegration of renewabla heat sources such as solar, seawater and geotharmal heat [14.15]. In 2 stody
of low-temperature district heatimg concepts for Denmark 1f was found to be socioecononucally faasmibla to reduce the
supply temperature to buldimgs to arouwmd 35°C; a lmut defined by the munmmuom tempaeraturs needed for DH-bazad
production of domestic hot water without an additional energy source e.g. an electnie heater [16]. However, the extent to
which the distribution temperature can be lowared 15 mn general lmuted by the level needed to mamtain thermal comfort
at the end usar, It 15 emphasizad that $GDH canmnot be realizad withowt an energy-efficient building stock m terms of both
space heatmg and domestic het water preparation [4).

Mew European huldingz has been suected to the energy requirements= of tha Furopean Performancs of Buldings
Directive (EPBD) mince 2006 [Directive 200291EC] which demands a tightemng of the national regmrement for
mamnun energy demand for bulding operation eveary five years startimg from 2006 and ending m 2020 where all new
buldimgz shonld be se-called nearly zero-energy buldings (nZER). In a Danizh contaxt, for example, 1t 15 anficipated that

10
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Publication no. 7
Manuscript is expected published in September 2020.

Experimental validation of a model-based method for separating
the space heating and domestic hot water components from
smart-meter consumption data

Rasmus Elbak Hedegzard ™, Martin Heins Eristanzan'”, and Sraffen Paterzen

! Agrins Uiversity, Inze Lebimanns Gade 10, 8000 Asrkos ©, Darmark
*AfRE]dVarme Aarbys (Departroert of Waste and District Heating), Faren Elixens Boulevard 7, 8220 Brabrand, Dermark

Abstract Zmart meters are cwrently being rolled out in Euwropean district heating (DH]) systems 2t a large
sczle to enshle time-varying diswict heating tariffz and improve coasumer swareness shouat their own
consumption. Smart-meter data can also be used in maore advanced applications, e g. for astzblizhing model-
hazed control schemes for demand response purposes and data-driven boilding ensrgy performance labeling
schemes, Mamy of these applications require separate megsurements of the consumption for space hesting
[ZH) and preparation of domestic hot water (DHW); howevar, smart metars often onlby provide the total DH
energy conswmption (SH+DHW) in tuncated umits (2., whaole KWh on an hoarly basis). Typical approaches
far zeparating these two comiponents of DH consumption requirs meanmemsents with a high temporal and
mmaerical resolotion and are thersfore mot applicable to smart-mester data. Mew methods suitable for
dizzzareeating the combined DH damand are therefors neadad. This paper presants a validation of 2 model-
hazed method for disagerezating DH consumption wsing sroumd truth datz from 44 residentis] boildings.

1 Introduction

In an offort to improve the transparency and billabulity
of energy consumption, a recant amendment to the enerzy
efficiency directive (EEDY) of the European Unien (EUT)
mtroduced a requirement for all newly mstalled district
heating (DH) and cooling meters to be remotely readakls
by 25 October 2020, while 2l remaming non-remotely
readable maters 1s to be replaced by 1 Jammary 2027 [1].
Modem remotelv read heat meters are capable of
reporting  comsumpdon =zt anm howly or sub-
hourhtemporal resolution, which 1= a sigmificant leap
forward compared to the zmmual terporal reschition that
1z often associated with manually read meters. The
moproved availzbilitvy of lugh-resolution smart-meter
consumpdion data 1s one of tha comerstomes in enakling
several new technologies to be mplemented 1n bulding
avtomation. One of theszs technologies 1= modal-baszed
confrol schemes for heating svetems, which may Jmprm'e
the comfort of ocoupant: while munmmizms
consurmpiion by optimizing HVAC contrel [2,3]. Theae
confrol schemas alzo allow feruhbmugthethﬂmalm&rha
of buildmgz to render part of the consumption m ths
buildings flaxible, theraby enabling building owners to
zell servicas to the heating utility. The modslz usad to
eatablish =such control schemes need to describe ths
thermal dyvnare bahavior of the buildmes aceurately and
are therefore typically obtamed by calibrating ths
parameters of said modsls using measurements of intemal
temperatures, extemal weather conditions, and heating

’ Corresponding arthar: rehiE

hiFiene an di

consmmphon. 3mee the latter of thess measurameants 1z
often the hardest to obfam, the availakility of data from
already installad smart rmeters may be a decizive factor for
the vizbility of such confrol schemes. Another promising
uze of high-quality conswmption datz 15 for generation of
data-driven building enerzy perfonmames cartificates az a
supplement or even an alternative to tradiional energy
audits. However, the applications outlined here raquirs
separate measurements of the anargy consemead for space
heating (SH); currently, DH smart meter meazuremeants 1z
a sum of the energy used for 8H and for preparation of
domestic hot water (DEW). Therefors, previous studies
have mwvestigated inference-based techniques for
disagzrepating district heating measuramants to sstimats
the energy quanttes comsumed for each of thaza fwo
purposes.  Iwo  prevaillmg  approaches have been
identifiad, which wa shall refar to as the suwmer methods
and the mertia msthods, respectrvely. A furd approach,
which iz not further discussad in thiz study due to a lack
of data, reliss on measurements of the cold water
consumphon together with the assumption that a cerfam
fraction of the conswmed water is heated befors uze.

The simmer mathods are based on the assumphion that
all DH consumption dunng the warmest period of the vear
can be attributed to DHW production [4,5], and that this
15 representative for the entire year. The period for which
thiz zassumption i= reasomnable depends of course on the
climate that the building 1z sifuated . Therefore, soms
mnplementafions of the summer method attempt to
account for space heating through various assumptions.
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Heat load demand response experiment in social housing apartments using wireless radiator setpoint
control
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In recent years, a significant number of studies have indicated a potential of utilizing the thermal mass in
buildings to generate flexible heating demand through demand response (DR) schemes. Being able to provide
flexibility to a district heating system this way may be used to absorb parts of the daily consumption peaks that
often occur during morning hours. Different DR schemes and implementations have been proposed in the
literature, but only a few studies have documented any practical effects.

In this abstract, we present the results of a field study concerning scheduled DR events on the radiator heating
system in 10 social housing apartments during morning peak load hours. Based on initial focus group interviews
of the tenants, three different DR schemes were tested using wirelessly controlled radiator thermostats over
the course of two months: 1) radiators turned off for 1h [07.00-08.00]; 2) radiators turned off for 3 hours [06.00-
09.00] with +1°C preheating for 2h [04.00-06.00]; and 3) radiators turned off for 3 hours [06.00-09.00]. In
addition, a baseline was determined by periods of no DR actions. The heat load was measured using meters in
each apartment and air temperature was measured separately in each room. Any potential thermal comfort
issues were evaluated using weekly online questionnaires and a hand-written logbook filled out by the tenants.
Finally, the tenant’s experiences with the DR schemes was evaluated by interviews of the tenants.

A
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Evaluating the temperature performance of Danish building typologies in district heating networks
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District heating utilities divide the expenses of operating and maintaining their heating systems among the
customers based on: 1) the size of the customers’ substation, 2) how much heating the customers consume
in a year, and 3) the efficiency at which the customers make use of the circulated water before returning it
to the grid. The first and the second cost elements are easy to justify and quantify. However, evaluating the
efficiency of individual customers and buildings, and quantifying how this affects the overall system efficiency
is more difficult. Often, utilities measure the annually aggregated cooling temperature, or just the return
temperature, of each customer substation. If the cooling temperature is too low, the customer is charged
accordingly. If it is very high, the customer is fine and may even receive a bonus. However, this may not be
entirely fair because different building typologies and their location in the grid have different prerequisites
for utilizing the supplied energy.

In this contribution we present a statistical treatment of temperature data from more than 45000 consumer
meters. By segmenting the buildings into typologies and by accounting for the available supply temperatures,
we present a comprehensive overview of the temperature conditions at the consumer as basis for discussing
alternative ways of distributing the costs of operating the grid.
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Long-term heat load forecasting under uncertainty of energy l'enovaﬂion and climate change
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It remains practically infeasible to gather all the required data inputs for physics-based urban building-by-
building energy modelling. Simplifications may therefore be necessary, e.g. through archetype segmentation
of the building stock to reduce the task of data acquisition and calibration of uncertain parameters. The authors
of this abstract recently proposed a novel hierarchical archetype calibration methodology that allows a robust
probabilistic inference of unknown archetype input parameters for unseen buildings belonging to an archetype.
The methodology has been proven fast and accurate for urban-scale predictions of aggregated building energy
use under uncertainty.

In this contribution, we extend the application of the hierarchical archetype modelling framework to be used
for long-term energy planning and heat load forecasting. We initially calibrate models of the hourly district
heating energy use of more than 20,000 single-family houses in the city of Aarhus, Denmark, using recent
historical data to obtain a high accuracy of predictions. This urban-scale residential model is subsequently
applied to forecast the heat load of each building individually up until 2050 under uncertainty of both energy
renovation and climate change.

The modelling framework ensures the propagation of all layers of uncertainty throughout the predictions by
relying on Bayesian inference to obtain the archetype models. The resulting data-informed heat load timeseries
forecast can be used for robust planning of future investments in district heating infrastructure to accommeodate
the demand of the future.
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