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Abstract

How should sustainable neighbourhoods be designed to reduce greenhouse gas emissions towards zero?
What kind of information does decision makers need to make solid future plans on the neighbourhood
level? A detailed understanding of a building stock’s characteristics and development over time is an
underlying premise for reliable long-term building stock energy analyses. On the neighbourhood level,
the building stock can be studied in large detail. Interactions between buildings and the local energy
system can be analysed considering energy need, supply, local generation and local storage. Hourly
resolution is needed to estimate peak heat and electricity loads in the neighbourhood. Further,
greenhouse-gas (GHG) emissions resulting from the energy use in the buildings in the neighbourhood
can be estimated by use of carbon intensities for the various energy carriers used in the neighbourhood.

This report is deliverable D1.2.2 and a part of FME ZEN Work Package 1 Analytic framework for
design and planning of zero emission neighbourhoods (ZEN). The goal for WP 1 is to develop
definitions, targets and benchmarking for ZEN, based on customized indicators and quantitative and
gualitative data. Additionally, life cycle assessment methodology for energy and emissions at
neighbourhood scale will be developed, as well as a citizen-centred architectural and urban toolbox for
design and planning of ZEN.

A dynamic building stock model has been developed for energy- and GHG-emission scenario analyses
of neighbourhoods. The model is generic and flexible and can be used to model any neighbourhood
where building stock data is available. It makes use of a description of the current stock, as well as plans
for construction, demolition and renovation activities in the neighbourhood. If plans are not available,
the model may simulate stock activities by use of probability distributions. The neighbourhood building
stock is segmented by use of archetypes defined by the buildings’ age, renovation state and floor area
classes. Examples are grouping the two floor area types single family houses (SFH) and terraced houses
(TH) together into a detached dwellings floor area class or grouping primary schools and secondary
schools into a floor area class called “school buildings”. Hourly energy demand is estimated using
delivered energy intensity profiles given for different archetypes of buildings or empirical data. Any
number of different energy carriers and purposes can be defined and monthly or yearly carbon emission
intensities can be given for each individual carrier. This serves as a basis to estimate hourly, monthly or
yearly delivered energy and GHG emissions for a given neighbourhood under study.

Two cases are analysed in this report: i) a hypothetical case of an imaginary neighbourhood consisting
of apartment block (AB) and SFH dwellings, and ii) the Glgshaugen campus of the Norwegian
University of Science and Technology (NTNU). Glgshaugen campus is a neighbourhood that has a high
complexity of floor area types and usage. The purpose of the two very different case studies is not to
provide reliable case studies at present, but to demonstrate how the model is capable of long-term
analyses of both homogenous and complex neighbourhoods in order to offer detailed understanding of
possible future hourly energy use and GHG emissions.

For the hypothetical case, the model describes how the energy-efficiency of the stock improves over
time due to renovation and demolition of older buildings and construction of new buildings with low
energy need. The baseline scenario estimated annual delivered energy decrease from 150 kWh/m? per
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year at present to 90 kWh/m? per year in 2070. Estimated GHG emissions decrease by 46% from
37 kton CO,-eq/year at present day to about 20 kton CO»-eq/year in 2070. Additionally, an advanced
renovation scenario assuming that buildings being renovated have a higher probability of reaching better
energy standards shows that the estimated annual delivered energy and GHG emissions will decrease
faster in this scenario than the baseline scenario. Estimated annual delivered energy is 2% lower in 2025,
4% lower in 2030 and 7% lower in 2040 in the advanced renovation scenario than in the baseline
scenario. Looking at aggregated GHG-emissions for the whole period, an estimated reduction of 8%
from present day to 2070 compared to the baseline scenario is observed. Annual GHG emission gains
compared to the baseline scenario are peaking around 2050 with 12% annual reduction of GHG
emissions before natural renovation in the baseline scenario starts to catch up with the advanced
renovation scenario. This is due to the fact that buildings in the baseline scenario go through renovation
for the second time and reaches the third renovation state between 2050 and 2070. Constant monthly
carbon intensities per energy carrier are assumed in the analysis, but it is likely that future monthly
carbon intensities will change over the years of the period. A decrease in carbon intensities would lead
to a further decrease in annual emissions over time.

The neighbourhood building stock at NTNU campus Glgshaugen has a highly complex composition
with 46 existing buildings (in total 300 000 m? heated floor area) providing a large variety of functions
related to education and research. 17 different floor area types are identified and distributed to 7 floor
area classes. The planned future expansion of the campus is represented through construction of 120 000
m? heated floor area before 2030. Average delivered energy intensity profiles per floor area class are
modelled based on empirical data by using the simulation tool IDA ICE. The simulated profiles are used
as energy model input. There is only one available energy profile per floor area class, regardless of the
construction year and renovation state. Hence, the model is not able to estimate reductions in energy
demand due to energy-efficiency of the stock through renovation and demolition of existing inefficient
buildings or construction of new energy-efficient buildings. Carbon intensities are estimated monthly
for district heating and grid electricity. Hourly and monthly peak loads, delivered energy and GHG-
emissions are estimated for the whole neighbourhood at present year. The estimated long-term
development in delivered energy and GHG emissions for Glgshaugen follows the stock development
closely. This shows the weakness of using average profiles that do not reflect the differences in energy-
efficiency state for buildings that are constructed in different periods or in different renovation states. A
more detailed database of delivered energy intensity profiles is needed to create a more reliable long-
term analysis taking into account stock activities and changes in the building stock characteristics.

By changing different input parameters in the building stock, energy and GHG-emission model,
different scenarios of future pathways can be studied. Various possible energy-efficiency measures can
be analysed and compared with each other. This flexibility is a strength of the model as it makes
analysing complex neighbourhoods possible.

The model allows for creating roadmaps that decision makers can use when planning future development
of neighbourhoods with building stocks and energy supply systems. The hourly time resolution makes
it useful for electricity and district heating companies when planning future grid capacity need. The
ability of the model to estimate and compare long-term changes in neighbourhood GHG emissions
between scenarios makes it useful for decision makers aiming for future emission reductions.
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Abbreviations

AB — Apartment block

COP - Coefficient of performance

IDA ICE — Simulation program for energy use in buildings

DH — District heating

GHG — Greenhouse gas

GWP100 — Global warming potential over a 100-year time interval
HP — Heat pump

MFH — Multi family house

N - Neighbourhood

PV — Photovoltaics

SFH — Single family house

WP — Work package

ZEN — FME Research Centre on Zero Emission Neighbourhoods in Smart Cities

Variables and parameters
A — Heated floor area

a — Average heated floor area
B — Building stock

b — Building

Baem - Demolition activity
Brew— Construction activity
Bren — Renovation activity

D - Floor area density

E — Delivered energy

Ey — Energy generation

En — Energy need

Es — Energy storage

Ei— Energy intensity

G — GHG emissions

| — Carbon intensity

L — Load profile

Rc — Renovation cycle
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Indices

¢ — Cohort (construction period of buildings)
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y — Floor area type

z— Floor area class
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1. Introduction

The building sector represents 40% of the total final energy consumption and can make a crucial
contribution to GHG emission mitigation (Buildings Performance Institute Europe, 2011). To be able to
utilize possible energy demand reduction and GHG emission mitigation potentials, detailed knowledge
about the building stock system is needed, from the national or international level, to neighbourhood
building stocks and individual buildings.

The energy use in national and urban building stocks has been studied in a range of publications (e.g.
Buildings Performance Institute Europe (2011), Urge-Vorsatz et al. (2012), Berardi (2017), Choudhary
(2012), Cuerdaetal. (2014), Heeren et al. (2013), Sandberg et al. (2017)). Furthermore, significant effort
has taken place to analyse the potential energy savings in individual buildings, e.g. through the Research
Centre on Zero Emission Buildings (ZEB) (www.zeb.no). In between the level of the individual
buildings and the aggregated urban or national building stocks lies the neighbourhood level. At this
level, it is possible to analyse the building stock in large detail, but at the same time to take into
consideration interaction between buildings located nearby each other and local solutions for energy
generation and storage. This is the background for the Research Centre on Zero Emission
Neighbourhoods (ZEN) (www.zenresearchcentre.com), which started in 2017 and builds on the research
activities carried out in ZEB.

How should the sustainable neighbourhoods of the future be designed, built, transformed and managed
to reduce their greenhouse gas emissions towards zero? What kind of information do the various
decision-makers need, and how can we best provide and tailor this information by use of a
neighbourhood dwelling stock energy model?

Previous studies, such as Sandberg et al. (2016) and Sandberg et al. (2017), has shown the need for a
detailed understanding of the present building stock and its long-term evolution when performing energy
analysis of a stock at the national level. Nass (2017) used the same methodology to study the dwelling
stock and perform energy analysis for the municipality of Trondheim. The stock composition in
Trondheim was found to vary strongly between different subareas of the city, and hence suggests that a
detailed bottom-up approach might be suitable for modelling a neighbourhood.

Sandberg et al. (2016, 2017) and Naess (2017) estimated the yearly energy demand by use of average
yearly energy demand intensities. On a neighbourhood level, it is important to estimate the hourly energy
demand to find the peak load and hence the required capacity of the grid. Furthermore, to complete the
analysis, service buildings should be included, in addition to residential buildings. Finally, estimation
of GHG emissions resulting from energy use should be estimated to be able to evaluate the impacts of
the energy use in the neighbourhood.

The Research Centre on Zero Emission Neighbourhoods in Smart Cities (FME ZEN) will enable the

transition to a low carbon society by developing sustainable neighbourhoods with zero greenhouse gas
(GHG) emissions. The Centre will speed up decarbonisation of the building stock (existing and new),
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use more renewable energy sources and create positive synergies among the building stock, energy,
ICT and mobility systems, and citizens.
The main objective of the FME ZEN is:

- Developing competitive products and solutions that will lead to realization of sustainable
neighbourhoods that have zero emissions of greenhouse gases related to their production,
operation and transformation.

Which leads to the main research question or the research centre:

- How should the sustainable neighbourhoods of the future be designed, built, transformed and
managed to reduce their greenhouse gas emissions towards zero?

Work package 1 (WP1) among others has the more detailed research question:

- What kind of information do decision makers at all levels need, and how can we produce and
customize this information?

Within the context of the FME ZENWP1, a dynamic neighbourhood building stock energy model has
been developed. The model studies the development over time in the neighbourhood’s building stock
size and composition of building typologies as well as the energy-related features of the individual
buildings and on the neighbourhood level. The model is generic and can be applied to any
neighbourhood. In this report, the principles of the model are described in detail, and it is applied to two
case studies for exemplification; a hypothetical case and the Norwegian University of Science and
Technology’s (NTNU) campus Glgshaugen.

12
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2. Methodology

2.1 The neighbourhood building stock model

2.1.1 Model fundamentals
The neighbourhood building stock model describes the long-term dynamic development in a

neighbourhood’s building stock B and the construction, renovation and demolition activities in the
system. The model is based on the principles of material flow analysis (Brunner & Rechberger, 2004).
A conceptual outline of the model is given in Figure 1.

The model uses a detailed description of the initial stock at the starting year of simulation B(to) together
with given or assumed plans for future construction Bnew. Demolition Bgem and renovation By, are either
estimated by use of plans or simulated based on input probability distributions. A full description of the
equations used in the stock model is given in Appendix A.1.

The building stock is segmented into different archetypes based on construction periods (cohort) c, floor
area classes z, renovation states r. For each year in the given modelling period, the model calculates the
heated floor area A for the given archetypes. Buildings can move from one archetype to another over
time, as they are renovated according to plans or simulation.

Renovation of a building can take place multiple times throughout the building’s lifetime. Various types
of renovation activities occur at different intervals. When simulating renovation activity by use of
probability functions in the model, the renovation cycle R; represents the average time between
renovation of a given type. How renovation activity is defined and what the corresponding length of the
renovation cycle should be is case-specific. For instance, the 20-year cycle could be applied for
replacement of appliances (e.g. boilers), the 30-year cycle for replacement of construction elements such
as windows or roofs and the 40-year cycle for deep renovation of facades (Sandberg et al., 2014).

The energy profile of a given building can change when a building is renovated. The model allows up
to three different renovation states to be used for a given renovation cycle for each building. The energy-
efficiency state of a given building is dependent on its archetype. Variants can be given for different
archetypes and represents smaller measures such as instalment of heat pumps or changing user
equipment. The 20-year and 30-year cycles can for instance be represented in the model as a change in
variant for a given building.

The bottom level of the model are the units U. Each building consists of one or several units. A unit can
typically represent for instance a dwelling, an office or a grocery store. Each unit object belongs to a
building b, cohort c, renovation state r, variant v and a floor area type y. The cohort is defined by
construction period. Furthermore, each floor area type belongs to a floor area class z that represents a
group of floor area types with similar functionality and energy use through the year. These model levels
are given as arrays as shown in Figure 2.

13
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B (t) Residential

buildings
Construction Demolition

Brew (t) Bers (1)
- —_—

Service
buildings

k) Renovation

Bren (t)

Figure 1: Conceptual outline of the dynamic neighbourhood building stock model.

B: Building stock

Buildings array: [o:]ofe-Jo- ] foi]b]
Floor area class array: lz]z]z]z=] |||
Floor area type array: Py vy Jve | Qo] ]
Units array: u o uu us u

Cohorts array: Tl
Renovation state array:

Figure 2: The different levels of the building stock model.

Buildings in a stock that have only one floor area type are defined as simple buildings, while buildings
that have several floor area types are defined as complex buildings, as shown in Figure 3. An example
of a simple building is a single family dwelling, where the whole building is represented by the class
“single family house”. An example of a complex building can be a university building consisting of
different user defined floor area types like offices, hallways, auditoriums, shops and resturants. Similar
floor area types are grouped together into floor area classes. This is done to allow for floor area types of
similar functionality and energy use characteristics to be modelled together by using the same hourly
profiles for delivered energy. The model allows for empirical or simulated delivered energy profiles to
be used.
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Building 1
Floor area type 1

Floor area type 2 |

Floor area type 3
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Figure 3: General example of the model structure for complex buildings.

2.1.2  Simulation of system activities

The model uses yearly time steps and calculates the state of the neighbourhood building stock for each
year in the modelling period. If there are no events scheduled to happen, the system state is equal to the
state of the previous year. If events are scheduled, e.g. construction, renovation or demolition, the model
calculates a new system state for the given year. Changes in the system are tracked over time.

Specific plans for renovation and/or demolition can be applied in the model. If specific plans are not
available, renovation and/or demolition can be simulated. This happens by generating random stochastic
numbers in Matlab and using cumulative probability distributions. Starting with the initial state of the
stock given at the first year of the modelling period, discrete-event simulation is used to simulate later
changes in the system.
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Normal probability distributions are assumed when simulating renovation activity. Distribution
parameters standard deviation ¢ and mean W are given as inputs per floor area class, and events are
simulated accordingly. For complex buildings, the model assumes that the floor area class with the
largest share of the heated floor area is the major class. The corresponding input parameters are used
during the simulation.

Demolition activities can be simulated in a corresponding way. The model allows for either a normal
distribution or a Weibull distribution. The demolition probability distributions are specified for each of
the two categories residential floor area classes and service building floor area classes. If a normal
distribution is chosen, pand o is given in input, but if a Weibull distribution is given the average lifetime,
period of years without demolition y, scale parameter a and shape parameter b needs to be input.
Literature suggests to use the Weibull distribution when simulating building demolition (Sandberg,
Sartori, & Brattebg, 2014). Bohne et al. (2006) estimated the average lifetime of Norwegian dwellings
to be 126 years. It is, however, likely that the average lifetime of service buildings is different from
residential buildings and this input parameter should be considered carefully before running simulations
involving service buildings. Sensitivity analyses could also be included to evaluate the importance of
the uncertainty in this parameter.

It is worth noting that the stochastic simulation of future system activities (new construction, renovation
and demolition) works best when the number of buildings in stock is relatively large. When analysing a
small neighbourhood system with a low number of buildings in its stock, it is recommended to give
future system activities as input manually rather than by stochastic simulations.

2.2 Energy modelling of a neighbourhood

2.2.1 Model fundamentals

The dynamic neighbourhood stock model described in chapter 2.1 provides a solid foundation for
detailed long-term energy analysis for a given neighbourhood building stock. All energy carriers in the
system are defined as model input, as shown in the example in Table 1. The user can define the numbers
of carriers and the energy use purposes. A purpose can for instance be electricity specified for lighting
or electricity specified for heating. The share of delivered energy that is electricity going to appliances
is given as a.

Hourly load profiles can be given on the archetype level as energy intensity profiles or as empirical
energy profiles on the building level. The delivered energy for all energy carriers is aggregated for each
year in the model period based on the state of the system. Furthermore, building- or neighbourhood-
specific hourly energy generation profiles and parameters for energy storage can be included in the
analysis. Finally, the model estimates the aggregated load profiles for delivered energy to the whole
neighbourhood. The energy model for a general neighbourhood is presented in Figure 4 and Figure 5.
A full description of equations used in the energy model is given in Appendix A.2.
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Table 1: Example of an energy carrier’s database given as model input.

Text used in energy profile input Share used
ID MName column (E.G. IDA ICE) Comment Is electricity  for heating
= [string] [string] [string] {o,1} [o-1]
1 CHP Electricity CHP electricity, W IDAICE 1 1]
2 DH cooling District cooling, W IDA ICE 0 1
3 DH heating District heating, W IDA ICE 0 1
4 DHW Domestic hot water, W IDA ICE o 1
5 EL cooling Electric cooling, W IDA ICE 1 1
6 EL heating Electric heating, W IDA ICE 1 1
7 EL equipment, tenant Equipment, tenant, W IDA ICE 1 1
8 EL equipment, facility Equipment, facility, W IDA ICE 1 1
9 Fuel cooling Fuel cooling, W IDA ICE 0 0
10 Fuel heating Fuel heating, W IDA ICE 0 0
11 Heating, temant Heating, tenamt, W IDA ICE ] 0
12 HVAC aux HVAC aux, W IDA ICE 1 1
13 EL, lighting tenant Lighting, tenant, W IDA ICE 1 1
14 EL, lighting facility  Lighting, facility, W IDA ICE 1 1
15 PV production PV production, W IDA ICE 1 0
16 Wind turbine producti Wind turbine production, W IDA ICE 1 0
17 EL, Equipment Equipment, W IDA ICE, Nesgard & Ngo 1 0
18 EL, Lighting Lighting, W IDA ICE, Nesgard & Ngo 1 0
19 Heating Local heating units, W IDA ICE, Nesgard & Ngo 0 1
20 DH cold District heat_cold, W IDA ICE, Nesgérd & Ngo 0 1
Neighbourhood n
Renovation B,,,
N
|
Construction Stock of buildings B divided into archetypes « Demolition
Brow Archetypes defined by Archetype characteristics Byem

¢: cohort u: # units per building

a: average heated floor area per unit
E: energy demand

L: load profiles

i i
i r: renovation state i
i E,: building-integrated energy generation E

z: floor area class

system
E,,: building-integrated energy storage system

Neighbourhood characteristics

D: Floor area density

ES: Energy system

£, : Neighbourhood energy generation system

E

S,

s : Neighbourhood energy storage system

Figure 4: System description of the neighbourhood model.
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Figure 5: Conceptual outline of the energy model.

2.2.2 Coincidental analyses

When aggregating the same archetype delivered energy intensity profiles for a number of buildings, it
is likely that the model will overestimate the power peaks in the neighbourhood. This is because the
actual peaks of individual buildings are unlikely to happen during the same hour. For energy planning
purposes, it is important to estimate the real peak loads. Coincidental analyses can be used to estimate
the actual power peak of the neighbourhood. Coincidence factors below 1.0 indicate that the individual
peak loads does not appear simultaneously across the buildings. An example of two hourly delivered
energy profiles that do not have peak loads in the same hour is given in Figure 6 (Nord, 2014). The
corresponding power peaks are given as P1, max, P2, max and the total of the two Piotmax. Further equations
describing the coincidence factor is given in Appendix A.4.
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Figure 6: Example of hourly delivered energy curves P; and P, and the total delivered energy
Ptotmax (Nord, 2014).

2.3 Modelling of greenhouse gas emissions
Greenhouse gas emissions G are estimated based on the outputs from the energy model and input time

series for carbon intensities 1. The model allows for carbon intensities changing over time and given
either per year or per month for each energy carrier. Equations used in the GHG emission analyses are
presented in Appendix A.3.

Estimated GHG emissions per energy carrier e are calculated hourly, monthly and yearly for the
complete modelling period. Results are also differentiated into archetypes for each time step. This allows
for tracking emissions for different stock segments over time and comparing different measures
targeting specific archetypes.

2.4 Case description: Hypothetical case
A hypothetical case was created to test the model. Selected building typologies from the EPISCOPE

project described in Brattebg et al. (2016) and shown in Figure 7 are used to divide the stock. The
typologies are defined by dwelling type and construction period. For each typology, three renovation
states are described: original state, standard renovation and advanced renovation.
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Region Construction  [Additional | smH |  TH |
Year Class Classification Single-Family

House

re——

National
1 (not region ... 1955 generic
specific)

| MFH | AB |
Multi-Family |[Apartment Block
House

NO.N.TH.01.Gen NO.N.AB.01.Gen

National
(not region 1956 ... 1970 generic
specific)

National
(not region 1971 ... 1980 generic
specific)

L\

NO.N.SFH.03.Gen  NO.N.TH.03.Gen NO.N.AB.3.en

National
(not region 1981 ... 1990 generic
specific)

NO.N.SFH.04.Gen  NO.N.TH.04.Gen NO.N.AB.04.Gen

NO.N.SFH.05.Gen  NO.N.TH.05.Gen NO.N.AB.05.Gen

National
(not region 1991 ... 2000 generic Z
specific) o

National
(not region 2001 ... 2010 generic
specific)

NO.N.SFH.06.Gen

National
(not region 2011 ... generic
specific)

NO.N.SFH.07.Gen ~ NO.N.TH.07.Gen IGO.N.AB.07.Gen

Figure 7: Typology matrix for the Norwegian building stock in the Episcope/Tabula project
(Brattebg et al., 2016).

Stock, energy and GHG emission intensity input parameters and assumptions are described in the
following subchapters.
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2.4.1 Stock input
Construction periods are assigned to cohorts in accordance with the typology matrix from

Table 2.

Table 2: Definition of cohorts for the hypothetical case.

Cohort From To Year

ID Year

[#] [year] [year]
0 0 1800
1 1801 1955
2 1956 1970
3 1971 1980
4 1981 1990
5 1991 2000
6 2001 2010
7 2011 2020
8 2021 2070

Based on this a building stock consisting of AB01-07 and SFHO3 has been modelled in the hypothetical
case, as simulated hourly energy profiles are available for these segments of the stock. The assumed
construction of dwellings in the neighbourhood stock of the hypothetical case is described in Table 3.
For each given construction period the input buildings are distributed equally to each year in the period.
Average heated floor area per unit corresponds with the national average for the given construction
period found in Brattebg et al. (2016).

Table 3: Building stock input details.

Construction Cohort  Building =~ Number of Number of = Average heated Average heated

period floor area = buildings units per floor area per = floor area per

[years] type building unit [m?] building [m?]
1946-1955 01 AB 100 30 56 1680
1956-1970 02 AB 100 30 53 1590
1971-1980 03 AB 100 30 61 1830
1971-1980 03 SFH 3000 1 144 144
1981-1990 04 AB 100 30 64 1920
1991-2000 05 AB 100 30 58 1740
2001-2010 06 AB 100 30 60 1800
2011-2020 07 AB 100 30 68 2040
2021-2070 08 AB 250 30 68 2040

The stock is distributed into two floor area types as shown in Table 4 and two floor area classes with
corresponding renovation normal distribution parameters as given Table 5.
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Table 4: Distribution of floor area types to floor area classes in the hypothetical case.

Floor area type

Floor areatype ID | Floor area type name = Belongs to Class?

[#] [string] [string]
1 Single Family House  Detached dwellings
2 Multi Family House = Compact dwellings

Table 5: Specification of the floor area classes applied in the hypothetical case.

Floor area class Renovation,
distribution
parameters
Normal dist.

Class ID Class name Number of Residential or Mu Sigma
subvariants service Class?
given
[#] [string] [#] {Residential, [#] [#]
Service}
1 Detached dwellings 1 Residential 40 10
2 Compact dwellings 1 Residential 40 10

Three renovation states describing the energy standard of buildings are assumed per cohort. It has been
assumed that all buildings are in state 1 at initial time. The combinations of cohorts, renovation states
and floor area classes give 27 archetypes. Energy-efficiency measures are only accounted for during
major renovations, and hence all archetypes consist of only one variant.

Demolition is simulated for the hypothetical case using Weibull distributions with the parameters given
in Table 6.

Table 6: Input Weibull distribution parameters for the hypothetical case.

Distribution Weibull
Average Period of years Scale Shape
lifetime = without demolition = parameter a = parameter b
[year] [year] [+ [#]
Residential 125 40 90 1.2
buildings
Service 125 40 90 1.2
buildings

Two scenarios are defined for renovation activity in the hypothetical case. For the baseline scenario, it
is assumed that all buildings in renovation state 1 going through deep renovation are moved from state
1 to state 2. For the advanced renovation scenario, it is assumed that there is a 50% probability that a
building in state 1 going through renovation activity will reach a higher energy standard and be moved
straight to the more advanced renovation state 3.
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2.4.2 Energy input

Ranneseth (2018) simulated energy intensity profiles in IDA ICE for all apartment block (AB) cohorts
01-07 according to the original state and standard renovation and for Single Family Houses (SFH) from
cohort 03 according to the original state, standard renovation and advanced renovation. The resulting
hourly delivered energy profiles for different energy carriers are used as input to the model. Furthermore,
it is assumed that advanced renovation for all AB cohorts correspond to the original state of AB07. A
summary of total yearly delivered energy use for the different archetypes is given in Table 7. An example
of an hourly delivered energy intensity profile for district heating is given in Figure 8.

Table 7: Energy use per square meter per year of the different archetypes.

Archetype Construction Initial Standard Advanced

period [kWh/m?] renovation renovation

[years] [kWh/m?] [KWh/m?]
AB_01 1946-1955 224 156 64
AB_02 1956-1970 153 140 64
AB_03 1971-1980 136 117 64
AB_04 1981-1990 122 117 64
AB_05 1991-2000 131 115 64
AB_06 2001-2010 87 75 64
AB_07 2011-2020 64 64 64
AB_08 2020-2070 64 64 64
SFH_03 1971-1980 195 150 77
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Figure 8: Example of a delivered energy intensity profile used as input for an archetype. In this
case, for the archetype apartment block of cohort 1 and state 1 (Rgnneseth, 2018).

Load duration curves for the given energy carrier are created by sorting the hourly values from high to
low. A load duration curve is a graph showing demand frequency distribution. Load duration curves
express the relationship between time and demand by showing the amount of time the demand is greater
or equal to a certain level (Poulin et al., 2008). The calculated load duration curve for the example of
district heating for AB cohort 1 and state 1 given is given in Figure 9.
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Figure 9 Example of a load duration curve for a given delivered energy intensity profile used as
input for an archetype. In this case, for archetype apartment block of cohort 1 and state 1.

2.5 Case description: Glgshaugen campus
Additionally, as a second case study, the neighbourhood Glgshaugen campus is modelled to show how

the model can be used to model systems with complex buildings consisting of several floor area types
with different functionality. This means that the energy use is highly dependent on the building specific
characteristics.

2.5.1 Stock input

Data for the current stock composition at Glgshaugen is given by Woszczek (2017). 17 different floor
area types have been identified and are distributed to 5 floor area classes. The initial stock input for
Glgshaugen is given in Table 8, and the assumed future construction activity input is given in Table 9.
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Table 8: Initial building stock input for Glgshaugen campus (Woszczek, 2017).

2018

Studentar Vask- og
Kontorareal  Undervisn Laboratori  beidsplas Forretnin  Kantineagr Utstilling Idrettsro  Sykehusro Tekniske  samitrro  Trafikkarea
er ingsrom  earegler  ser Bibliotek  gsarealer ealer sarealer | Verksted m m rom m ! Lager m Diverse
Building  Building name (if Heated floor Heated  Heated Heated Heated Heated Heated Heated Heated Heated Heated Heated Heated — Heated Heated Heated Heated
input ID  applicable) area floor area floor area floor area floor area floor area floor area floor area floor area floor area floor area floor area floor area floor area  floor area floor area floor area
[#] [string] [m*2] [m*2] [m*2] [m*2] [m*~2] [m*2] [m*2] [m*~2] [m*2] [m*2] [m*2] [m*~2] [m*2] [m*2] [m*2] [m*2] [m*2]
301 Hovedbygget 5570 587 0 129 2146 ] 0 0 ] 0 ] 600 297 3854 699 ] 47
302 Varmeteknisk 2961 96 3823 923 o o 127 o 837 38 o 1213 215 2897 742 196 o
303 Stromningsteknisk 582 ] 764 7 ] ] 0 0 262 0 ] 138 51 474 62 ] ]
304 Metallurgi 151 44 698 220 o o 1] o o 132 o 160 35 333 329 o o
305 Oppredning/gruvedrift 946 57 812 146 ] ] 0 88 230 0 ] 98 64 868 136 7 ]
306 Geologi 960 186 9 144 o o 1] ] o o o 127 B4 791 450 60 o
307 Verkstedteknisk 2912 829 1926 1056 o o 114 o 545 o o 630 136 2097 536 347 3
308 Materialteknisk 2475 110 3826 450 ] ] 0 0 839 58 ] 270 218 2170 1042 ] 14
309 Driftssentralen 907 o o 0 o o o o 278 o o 78 a0 334 239 11 o
310 Kjemi sydfigy 167 ] 0 0 ] ] 0 0 ] 0 ] 3 21 B65 17 182 ]
311 Kjemi 1 795 B3 981 0 o o o o o o o 705 106 1487 157 o o
312 Kjemi 2 860 19 1437 118 ] ] 0 0 14 0 ] 725 72 1075 19 ] 111
313 Kjemi 3 B59 o 2053 B0 o o 1] o 28 o o 783 269 1065 487 o o
314 Kjemi 4 1210 99 1247 355 o o o o 22 o o 565 B2 1152 97 o o
315 Kjemi 5 1131 243 912 244 ] ] 0 0 ] 0 ] 525 74 1065 528 ] 146
316 Kjemihallen B56 o 2150 137 o o o o 257 o o 576 66 Bag 74 o &
317 IT-bygget 2369 55 181 443 ] ] 0 0 35 0 ] 336 227 1405 314 97 ]
31E IT-bygget, sydflgy 537 607 o 606 o o o 139 16 o o 396 130 933 179 285 o
319 Gamle fysikk 1463 226 432 246 ] ] 0 0 ] 0 ] 424 90 881 45 ] 279
320 SINTEF Energi 2066 o 837 1] o o 191 o o o o 129 B0 1045 54 o 5
321 Sentralbygg 1 3749 1017 o 2599 491 434 1163 293 45 o o 1049 490 3889 434 466 34
322 Sentralbyeg 2 3119 1578 117 1571 ] 140 0 0 22 0 ] 597 350 3131 125 343 ]
323 Gamle kjemi 1759 52 o 66 o o o o o o o 61 71 854 14 o 36
324 Vannkraftlaboratoriet 379 ] 602 125 ] ] 0 0 108 0 ] 104 34 404 260 ] 35
325 Gamle elektro 320 1700 210 734 o o o o 52 o o 587 129 2318 681 178 661
326 Elektro A 1032 115 1098 517 ] ] 284 ] ] 0 ] 361 112 1755 357 22 ]
327 Elektro B 999 99 94 326 0 4] 4] o o 0 0 548 168 905 65 0 0
328 Elektro C 803 0 317 264 0 0 0 0 358 0 0 37 74 483 135 47 4
329 Elektro D+B2 1967 51 833 439 0 0 0 1] 310 0 0 83 94 1267 280 119 0
330 Vestre Glgshaugen 372 0 0 0 0 0 0 0 0 0 0 0 12 95 36 0 0
331 Glashaugen legesenter 42 0 0 0 0 1] 1] 0 0 0 237 9 15 130 a 0 0
332 Grpnnbygget 1231 124 89 69 0 o o 1] 1] 0 0 258 53 589 42 o 0
333 Berg 2154 296 1392 252 0 4] 4] o 33 0 0 493 150 1507 480 0 0
334 skiboli 0 0 0 0 0 0 0 172 0 0 0 0 5 0 0 0 5
335 Idrettsbygget 165 0 0 0 0 o o 1] [e] 2605 0 234 143 858 190 116 1
337 Byggteknisk 3966 880 2276 1794 0 0 0 0 749 0 0 1252 270 4293 1376 161 0
341 Elektro E/F 1606 169 2074 881 0 0 0 0 394 0 0 642 93 2998 663 0 4
342 @stre Glgshaugen 134 0 0 0 0 o o 1] o] 0 0 [} o 24 ) o 0
343 Infohuset 184 0 0 0 0 4] 4] o o 0 0 3 4 68 87 0 0
354 Kjelhuset 42 1098 0 504 0 0 550 0 0 0 0 652 149 1062 183 0 54
356 Produktdesign 359 0 47 1256 0 o o 61 [e] 0 0 81 61 530 11 o 0
357 VM-paviljongen ] 0 0 485 0 0 0 0 0 0 0 34 23 206 12 0 0
358 Hegskoleringen 3 181 1152 167 1178 0 4] 4] o ) 0 0 266 135 1179 201 0 0
360 Realfagbygget 9605 4256 7021 6307 2275 o 659 1] 1355 0 0 4695 1103 14712 2895 705 28
365 PFI 1019 142 1221 102 96 [¢] 193 o 47 0 0 270 96 861 27 123 0
380 Handelshgyskolen 2090 1997 78 358 265 815 566 1] 1] 0 188 978 203 4427 4054 0 25
Table 9: Input of assumed future construction activity for Glgshaugen.
Undervis Studenta Vask- og
Kontorareal ningsro  Laborato rbeidspla Forretnin Kantinea Utstilling Idretisro  Sykehusr Tekniske sanitaerr Trafikkar Tiffluktsr
er m riearealer sser Bibliotek gsarealer realer sarealer Verksted m om rom om eal Lager om Diverse
New Heated |
Construction |building  Building name (if Heated floor Heated Heated Heated Heated Heated Heated Heated Heated Heated Heated Heated Heated Heated Heated Heated
year 1D applicable) floorarea area floor area floor area floor area floor area floor area floor area floor area floor area floor area floor area floor area floor area floor area floor area floor area ;
[year, 0] [#1D] [string] [mA2] {m"2] {m"2] [mA2] {m"2] [mA2] {m"2] [mA2] {m"2] [mA2] {m"2] [mA2] {m"2] [mA2] {m"2] [mA2] {m"2] |
2018 1001 4140 2340 360 1620 540 180 540 0 o 540 o 1080 360 5040 720 360 130
2020 1002 4255 2405 370 1665 533 185 533 0 o 535 o 1110 370 5180 740 370 135
2022 1003 2185 1235 190 855 285 95 285 0 o 285 o 570 190 2660 380 150 95
2024 1004 3680 2080 320 1440 420 160 420 0 o 480 o 960 320 4480 640 320 160
2026 1005 4600 2600 400 1300 600 200 600 0 o 600 o 1200 400 5600 800 400 200
2028 1006 6095 3445 530 2385 795 265 795 0 o 795 o 1530 530 7420 1060 530 265
2030 1007 2300 1300 200 500 300 100 300 0 o 300 o 600 200 2300 400 200 100

The building stock is divided into the 5 cohorts defined in Table 10. The floor area types are allocated
to different floor area classes as shown in Table 11. Note that this allocation could be done in many
different ways and this is just an example in order to show how the model can be used.
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Table 10: Definition of cohorts for the Glgshaugen case.

Cohorts
Cohort From To Year
ID Year
[#] [year] [year]
1 0 1950
2 1951 1970
3 1971 1999
4 2000 2016
5 2017 2070

Table 11: Overview of floor area types input and which classes the given floor area types has been

assigned to.

Floor area type name

[string]
Kontorarealer (Office area)
Undervisningsrom (Lecture rooms)
Laboratoriearealer (Laboratories)
Studentarbeidsplasser (Student work area)
Bibliotek (Libraries)
Forretningsarealer (Business areas)
Kantinearealer (Canteen area)
Utstillingsarealer (Exhibition area)
Verksted (Workshop)
Idrettsrom (Sports area)
Sykehusrom (Hospital area)
Tekniske rom (Technical rooms)
Vask- og saniteerrom (Closets)
Trafikkareal (Traffic area)
Lager (Storage)
Tilfluktsrom (Shelters)
Diverse (Other)

2.5.2 Enerqy input

Belongs to Class

[string]
Office area
Lecture rooms
Laboratories
Student work area
Student work area
Other
Other
Other
Technical rooms
Other
Other
Technical rooms
Other
Traffic area
Technical rooms
Technical rooms
Other

2018

Nesgard & Ngo (2017) created a model in IDA ICE of an average campus building represented by the
five floor area classes “Lecture rooms”, “Office area”, “Laboratories”, “Student work area” and “Traffic
area” (hallways/traffic area). From this model, hourly delivered energy profiles are obtained and
delivered energy intensity profiles for each floor area class are estimated. This is used to model the
delivered energy for the whole campus based on the current average energy use for the different
buildings. Energy profiles for “Traffic area” is used for energy estimations of the floor area classes
“Technical rooms” and “Other”.
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2.6 Carbon intensities input

Carbon intensities with monthly profiles are given in
Table 13 for both district heating and grid electricity. District heating carbon intensities are
representative for the city of Trondheim. The shares of different energy sources applied in the district
heating production are based on statistics from the local district heating company for 2016 (Solli, 2018;
Statkraft, 2017). The carbon intensity of each energy source is taken from various sources as given in
Table 12. The fuel mix of district heating in Trondheim is dominated by municipal waste (about 80%).
Carbon emissions from municipal waste incineration is assumed allocated to building energy use. It is
an ongoing discussion whether it should be allocated to the energy use or to the waste treatment process.
Standard Norge (2017) propose an allocation of carbon emissions to waste treatment. An allocation to
waste treatment would mean that the estimated carbon intensity of district heating would drop
significantly, as the carbon intensity of municipal waste would be set to zero for district heating
purposes. Monthly grid electricity carbon intensities are from Vestrum et al. (2018) as given in
Table 13. For heat pumps used in district heating, a COP factor of 3 is assumed.

Table 12: Carbon intensities for various heat sources used in district heating.

Energy source Carbon Intensity Reference
[g CO; eq/kWh]
Municipal waste incineration = 216 Lausselet et al. (2016)
Natural gas 261 Ecoinvent Centre (2015)
Biofuel 50 Raadal (2015)
Oil 572 Ecoinvent Centre (2015)
Biogas 27 Lien (2013)

Table 13: Carbon intensities for grid electricity and district heating used for the hypothetical case
(Ecoinvent Centre, 2015; Lausselet et al., 2016; Lien, 2013; Raadal, 2015; Vestrum et al., 2018).

Month Carbon intensity, = Carbon intensity,
grid electricity district heating
[g CO,-eq/kWh] [g CO.-eq/kWh]

January 37.8 199
February 37.8 190
March 39.0 192
April 41.2 216
May 36.0 213
June 32.6 210
July 33.4 210
August 34.6 209
September 32,6 209
October 35.9 214
November 36.4 221
December 39.3 210
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The assumed carbon intensities for grid electricity from Vestrum et al. (2018) are based on a four-year
average period (2012-2015) for the given month. Emissions from transmission and power loss for
electricity are included, and the carbon intensities represent a production mix adjusted for imports and
exports.

For the case study of Glgshaugen, carbon emission intensities for district heating are used for the energy
use purposes “district heating” and “heating, local”.
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3. Results

The model is run for the hypothetical case and Glgshaugen campus, with the input data and assumptions
presented in Chapters 2.4 and 2.5 respectively. Input carbon intensities used in the analysis are presented
in Chapter 2.6. The results from the analysis of the hypothetical case are presented in Chapter 3.1, and
the results from the modelling of Glgshaugen are presented in Chapter 3.2.

3.1 Hypothetical case

The hypothetical case is modelled to demonstrate the models ability to use well-defined assumptions on
renovation activity to move buildings and floor area between archetypes. In this way, the best available
assumptions can be used directly to investigate how changes in energy characteristics and emissions
from a neighbourhood can be modelled dynamically in the long-term.

3.1.1 Stock model results

Figure 10 shows the simulated future development of the neighbourhood stock towards 2017. The total
simulated heated floor area is distributed to floor area types in Figure 10a, and to floor area classes in
Figure 10b. Note that in this case the stock input is only given for two floor area types, and each of them
is distributed to a separate floor area class. Therefore, Figure 10a and Figure 10b are identical.
Furthermore, all new construction is multi family houses (MFH), and therefore the share of the floor
area being single family houses (SFH) and detached dwellings is decreasing as some of these are
demolished, while the share of MFH and compact dwellings is increasing over time.
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Figure 10: Estimated heated floor area per floor area type for the hypothetical case (a) and per
floor area class (b).

Figure 11 shows how the distribution of the stock to various cohorts develops over time. At the initial
time of the analysis, in 2017, almost 1 000 000 m? of heated floor area belongs to cohorts C0-C3 and
are hence constructed before 1980. In 2070 the simulated heated floor area in these has decreased and
is estimated to slightly above 500 000 m?. At the same time, it can be seen that the cohorts C7 and C8
have increased over time. This shows that the model estimates that many of the older buildings will be
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demolished as they reach their end of life during the period, and how they are replaced by new
construction.
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Figure 11: Estimated heated floor area per cohort for the hypothetical case.

Figure 12 shows how the simulated future stock is distributed to the three renovation states, according
to the baseline scenario. In 2017, it is assumed that the whole stock is in state 1. Over time the share in
state 1 decreases and the shares in state 2 and later state 3 increase. This is due to buildings going through
the 40-year renovation cycle described by the distribution input parameters. The corresponding
development in shares being in various renovation states according to the advanced renovation scenario
is given in Figure 13. In this scenario, the estimated heated floor area in state 3 grows faster as it is
assumed that a share of buildings in state 1 being renovated will reach a higher energy standard and
move straight to state 3.
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Figure 12: Estimated heated floor area per renovation state for the hypothetical case baseline
scenario.
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Figure 13: Estimated heated floor area per renovation state for the hypothetical case advanced
renovation scenario.

3.1.2 Energy model results

The yearly estimated total delivered energy from all carriers for the system is shown in Figure 14. The
estimated delivered energy is estimated to decrease from about 250 GWh at present to about 150 GWh
in 2070 for the baseline scenario. For the advanced renovation scenario, a decrease to about 140 GWh
in 2070 is estimated.
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Figure 14: Estimated total delivered energy for the hypothetical case baseline and advanced
renovation scenarios.

Figure 15 shows the corresponding development in delivered energy intensity. The average delivered
energy per square meter is estimated to decrease from about 150 kWh/m? at present day to about 90
kWh/m? in 2070 for the baseline scenario. For the advanced renovation scenario, a decrease to about 85
kWh/m? is estimated. However, the difference between the energy intensities for the two scenarios are
larger in 2050 than in 2070.

Figure 16 shows the estimated delivered energy per cohort the baseline (a) and the advanced renovation
scenario (b). The largest decrease in delivered energy is observed in the older cohorts constructed before
1980. For instance, the delivered energy to buildings constructed during 1970-1980 (cohort 3) is
estimated to decrease from about 110 GWh/year at present to about 70GWh in 2050 and 51 GWh in
2070, according to the baseline scenario. For the advanced renovation scenario it is estimated a decrease
to about 67 GWh/year in 2050 and about 49 GWh/year in 2070. The difference in yearly delivered
energy for the two scenarios are estimated to be larger in 2050 than in 2070.
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Figure 15: Estimated total delivered energy intensity for the hypothetical case baseline and
advanced renovation scenario.

a) Delivered energy per cohort: Baseline. b) Delivered energy per cohort: Advanced renovation.
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Figure 16: Estimated delivered energy per cohort for the baseline scenario (a) and the advanced
renovation scenario (b).

The yearly estimated delivered energy intensity per cohort is given for the baseline scenario in Figure
17a and for the advanced scenario in Figure 17b. The average delivered energy per square meter is

35



ZEN REPORT No. 2

ZEN Research Centre

estimated to decrease over time for existing buildings (cohorts 0-6) in both scenarios. The decrease is
largest for the oldest cohorts. For instance, the average energy intensity for buildings constructed
between 1801 and 1955 (cohort 1) is estimated to decrease from about 225 kWh/m? at present to about
125 kWh/m? in 2070 for the baseline scenario. For the advanced renovation scenario, the estimated
delivered energy intensity is about 100 kWh/m? in 2070. Interestingly, the delivered energy intensity of
buildings constructed between 1971-1980 (cohort 3) decreases slower than cohort 1 and is estimated to
be passed by cohort 1 around year 2040. This is because in the hypothetical case a large number of SFH
buildings were assumed constructed in the 70s while the other cohorts consist of solely MFH buildings.

(a) Yearly estimated total delivered energy intensity after cohorts (b)

Yearly estimated total delivered energy intensity after cohorts
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Figure 17: Estimated delivered energy intensities per cohort for the baseline scenario (a) and the
advanced renovation scenario (b).

Figure 18 shows the simulated use of various energy carriers. The same energy mix has been used as
input for both the baseline scenario in Figure 18a and the advanced renovation case in Figure 18b.
District heating is the dominant carrier. The main difference between the scenarios is that the energy
use for all carriers are slightly lower in the advanced renovation scenario than for the baseline scenario.
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Figure 18: Estimated yearly delivered energy per energy carrier for the baseline scenario (a) and
the advanced renovation scenario (b). Electricity is split into four different purposes; heating,
appliances, lighting and ventilation (HVAC).

3.1.3 GHG emissions model results

The simulated total GHG emissions from energy use in the system are presented in Figure 19 for both
scenarios. The baseline scenario results in a decrease in emissions of around 46 %, from about 37 kton
CO»-eq/year at present day to about 20 kton CO»-eqg/year in 2070. For the advanced renovation scenario,
a decrease of around 52% to about 18 kton CO-eqfyear in 2070 is estimated. Notably, the difference
between the scenarios is larger in 2050 than in 2070. This is mainly driven by the fact that about a fifth
of the buildings in the baseline scenario is renovated to state 3 between 2050 and 2070. Additionally,
demolition of older buildings on the one hand and construction of newer buildings on the other hand
make the relative importance of the older cohorts decrease and the newer cohorts increase as shown in
Figure 11. This leads to an additional improvement in the future overall energy performance of the
building stock.
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Figure 19: Estimated climate change impact (GWP100) per year for the hypothetical case baseline
and advanced renovation scenarios.

Figure 20 shows how the various energy carriers contributes to the simulated total emissions in the
baseline scenario (a) and the advanced renovation scenario (b). As the input energy-mix is the same in
both cases, the main difference in the results between the scenarios are slightly smaller emissions for all
carriers over time for the advanced renovation scenario compared to the baseline. This is due to lower
estimated delivered energy because of more ambitious renovation in the advanced renovation scenario
compared to the baseline.
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Figure 20: Estimated yearly emissions per energy carrier for the baseline scenario (a) and the
advanced renovation scenario (b). Electricity has been split into four different purposes; heating,
appliances, lighting and ventilation (HVAC).

A summary of yearly and aggregated GHG emissions for both scenarios in the years 2017, 2050 and
2070 is given in Table 14. A decrease in yearly emissions is observed for both scenarios. Interestingly,
the relative difference in reduced annual GHG emissions in the hypothetical neighbourhood when
applying the advanced renovation scenario peaks in 2050 and decrease slightly towards 2070. This is
due to buildings in the baseline scenario starting to reach renovation state 3 and the increasing relative

importance of newer cohorts.

Table 14: A summary of yearly and aggregated GHG emissions for given years (2017, 2050 and
2070) for the different scenarios analysed in the hypothetical case.

2017 2050 2070
Scenario GHG GHG GHG GHG GHG GHG
emissions =~ emissions = emissions | emissions = emissions = emissions
ingiven | aggregated ingiven | aggregated ingiven  aggregated
year since 2017 year since 2017 year since 2017
[ton CO2-  [ton CO2-  [ton CO2- @ [ton CO2- = [ton CO2-  [ton CO2-

eq] eq] eq] eq] eq] eq]
Baseline 37 400 37 400 27 100 1093000 20600 1567 000
Advanced 37 400 37 400 23900 1029000 @ 18400 1 447 000
renovation (-12%) (-6%) (-11%) (-8%)

3.2 Glgshaugen campus

3.2.1 Stock model results

Figure 21 shows the simulated development of the Glashaugen campus during the model period 2017-
2070. The distribution to floor area types is shown in Figure 21a and to the more aggregated floor area
classes in Figure 21b. The simulated total heated floor area of the stock is increasing from about 300 000
m? at present, peaking at 390 000 m? in 2030 before decreasing to about 320 000 m? in 2070. The results
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are highly dependent on the assumptions on future construction. The heated floor area is increasing
towards 2030 due to the input new construction, which is according to real plans. After 2060, the heated
floor area decreases according to the simulated “natural” need for building demolition. However no
further construction activity is assumed in this case study, after the construction that is currently planned.
In reality, it is likely that there will be additional construction after 2060 to replace the demolished
buildings, or that existing buildings would be kept for heritage reasons rather than replaced. A more
realistic and detailed case study than the present one would have to include additional assumptions on
future construction, to avoid an unrealistic decrease in total stock size.

(a) Gleshaugen baseline (b) Gleshaugen baseline
~10° Total floor area per floor area type. 10° Total floor area per floor area class.
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Figure 21: Estimated heated floor area per floor area type (a) and per floor area class (b) for the
Glgshaugen case.
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Figure 22 shows the heated floor area per renovation state for the period according to the baseline
scenario assuming standard renovation. New construction is included in state 1. It can be seen that after
the first period with high construction activity, the share being in state 1 decreases, while the share being
in state 2 and later state 3 increase. This is due to the simulated renovation activity of buildings going
through the respective renovation cycle. Since the Glgshaugen building stock consist of a small number
of buildings it is possible to observe the effect of specific large buildings going through renovation
activities. Estimated heated floor area per cohort is presented in Figure 23. The floor area constructed
before 1950 (cohort 1) is estimated to remain at the current level as the oldest buildings have been given
a status as protected buildings. The floor area of buildings constructed during the period 1951-1970
(cohort 2) and 1971-1999 (cohort 3) decreases during the period as some buildings reach their estimated
end of life. The heated floor area constructed between 2000 and present day (cohort 4) is estimated to
remain stable, while cohort 5 increases according to the assumed new additions to the stock. Cohort 5
consists of new construction after 2017 only.
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Figure 22: Estimated heated floor area per renovation state for the Glgshaugen case.
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Figure 23: Estimated heated floor area per cohort for Glgshaugen baseline.
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3.2.2 Energy model results

The hourly delivered energy to Glgshaugen is estimated per energy carrier for each year. One example
of estimated delivered energy from heating in 2017 is shown in Figure 24. Figure 25 shows the load
duration curves for the different energy carriers used at Glgshaugen in 2017.

Estimated delivered energy from district heating

5 X 107 Glgshaugen baseline 2017

District heating

257 7

0.5

0 1000 2000 3000 4000 5000 6000 7000 8000

Hour

Figure 24: Estimated hourly delivered energy from district heating for the Glgshaugen case
baseline scenario in 2017.
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Figure 25: Estimated load duration curves for different energy carriers and purposes for
Glgshaugen in 2017.

It is important to consider coincidence when dimensioning the energy supply system of a neighbourhood
as it is unlikely that the peak loads of all buildings will happen simultaneously. Here, only a simplified
example of such an analysis is presented. In a real case study, the coincidence factor 8 would have to be
estimated by studying empirical building energy use data. To explore the importance of coincidence, a
coincidental analysis is carried out according to the methodology described in appendix A.4. Table 15
shows how the coincidence factors 1, 0.9, 0.8 and 0.7 would affect the estimated hourly peak loads in
2017 in the exemplifying coincidental analysis. “District heating” and “heating, local” are grouped
together into one heating category and the others are grouped as electricity. The peak loads of electricity
and heating do not occur simultaneously, and therefore the total peak load is not equal to the sum of the
two. For Glgshaugen, if the heating demand of all buildings peaks the same hour (6 = 1), it is necessary
to dimension for a peak load of 49 MW. However, if peak loads do not happen simultaneously and the
actual coincidence factor of the campus is for instance 0.7 it might not be necessary to dimension for a
heating peak load that is higher than 34 MW.

Table 15: Coincidental analysis of hourly peak loads for Glgshaugen for total peak load,
electricity and heating.

Coincidence Total Electricity Heating
factor 0 [(MW] [(MW] [(MW]
[0-1]
1 53 11 49
0.9 48 10 44
0.8 42 9 39
0.7 37 8 34
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The aggregated delivered energy per month in 2017 is presented in Figure 26. The energy use is
estimated to be highest in January with about 16 GWh and lowest in July with about 3 GWh. The share
of delivered energy given as “Heating, local” is about zero in the summer months. “Heating, local” is
modelled as an ideal heater in IDA ICE and has been assumed to be district heating in this analysis.
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Figure 26: Estimated monthly delivered energy per energy carrier and purpose in 2017 for
Glgshaugen.

The simulated future development in aggregated delivered energy to the Glgshaugen stock is presented
in Figure 27. Note that due to the use of delivered energy intensity profiles that only varies with floor
area class, the estimated yearly delivered energy follows the stock heated floor area development. This
is observed by comparing Figure 27 and Figure 21.
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Figure 27: Estimated yearly delivered energy per energy carrier to Glgshaugen.

Estimated yearly delivered energy per cohort is presented in Figure 28a. Comparing this with the
development in Figure 21 it seems to follow the same pattern. This is due to the average intensity profiles
being used. Figure 28b shows this clearly, as there is no change at all in the estimated delivered energy
intensity to Glgshaugen from present day to 2070. The changes in delivered energy to the neighbourhood
over time is only affected by changes in stock size according to demolition and construction. In order to
estimate changes in delivered energy intensity over time, a variety of different energy intensity profiles

iS required.
(a) . (b) . _ ) )
«1p10 Total yearly delivered energy per cohort. Yearly estimated total delivered energy intensity
]
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Figure 28: Estimated yearly total delivered energy to Glgshaugen per cohort (a) and estimated
total delivered energy intensity to Glgshaugen for all carriers (b).
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3.2.3 GHG emissions model result

Estimated GWP100 carbon intensities for district heating and electricity from
Table 13 are shown together with the calculated weighted average carbon intensity per month in 2017
in Figure 29. The weighted average is lower during the summer months than during winter months as
the heating demand, and hence the use of district heating, is lower.

The carbon intensities applied for “district heating” and “heating, local” are equal to the monthly district
heating values given in
Table 13. Emission intensity for electricity is applied for the others. Figure 30 shows the estimated
aggregated emissions per month for the year 2017, as well as the contributions from the various energy
carriers and purposes. GHG-emissions are estimated to be highest during the winter when the heating
demand and weighted average carbon intensity peak, while they are lower during summer months when
there is less heating demand. Interestingly, the GHG-emissions are higher in December than in January
even though the delivered energy in January is estimated as higher than in December. This is due to a
higher carbon intensity in the district heating fuel mix in December.

As described in Chapter 2.6, the carbon emissions from municipal waste have been allocated to energy
use in buildings in this analysis. It is an ongoing discussion if these emissions should instead be allocated
to waste treatment. As the fuel mix used for heat production to district heating in Trondheim is
dominated by municipal waste (80%), an allocation of emissions to waste treatment would mean that
the district heating carbon intensity would drop significantly. Accordingly, the weighted average would
also decrease significantly for all months. This would have to be considered further in a detailed case
study of Glgshaugen.
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Figure 29: Estimated carbon intensities per month for district heating and electricity, and the
calculated weighted average monthly carbon intensity in 2017 for Glgshaugen.
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Figure 30: Estimated monthly GHG-emissions in 2017 due to the use of different energy carriers
for different purposes for Glgshaugen.

Estimated yearly GHG emissions (GWP100) for different energy carriers related to energy use in the
building stock of Glgshaugen are given in Figure 31. The largest part of the GHG emissions during the
period is due to heating. The total estimated GHG emissions related to electricity use is estimated as
much lower. This makes sense since the carbon intensity of electricity from grid is about 15% of the
carbon intensity of district heating. The use of average energy intensity profiles that are constant over
time in this case study means that the energy characteristics of the stock only changes with the heated
floor area. Therefore, the estimated emissions also follows the same pattern as the estimated floor area
for the period. As previously discussed, emissions from municipal waste might instead be allocated to
waste treatment and not district heating in a real case study, which would decrease carbon emissions
related to heating of buildings significantly.
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Figure 31: Estimated GWP100 in yearly kg CO2-eq that are caused by the use of different energy

carriers that are given for Glgshaugen.
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4. Discussion

4.1 Main findings

Previous work on delivered energy to the dwelling stock on the national level has led to the need for
regionalized analysis on the topic. A municipal case study of the city of Trondheim showed that building
stocks vary in characteristics also between city districts (Naess, 2017). In order to identify possible future
energy pathways and optimal policies it is necessary to analyse even smaller systems such as city
districts or neighbourhoods. Therefore, the scenario based dynamic building stock model for energy-
and GHG-emission analysis of neighbourhoods was developed.

4.1.1 Building stock analyses
Previous studies such as Ness (2017) and Sandberg et al. (2016, 2017)) have used population and
lifestyle parameters to model the development of national and regional building stocks and combined
this with segment-specific average values for average floor area and energy intensities. The model
presented in this report use detailed building stock information as well as real plans for future activities
in the specific neighbourhood.

Results from the hypothetical case consisting of an artificial residential neighbourhood have
demonstrated that the model is capable of simulating the dynamics of a neighbourhood stock in a
detailed and good manner. In the hypothetical case, future construction plans were assumed to replace
buildings that were simulated to be demolished, and hence to keep the total heated floor area in the
neighbourhood stable over time. The share of heated floor area belonging to older cohorts decreases
over time, while the share being in the future cohort 8 increases. In this way, the dynamics of a
neighbourhood stock can be modelled according to real plans or assumptions about future activities. If
for instance a neighbourhood with free unbuilt land is analysed, additional future construction of
buildings can be assumed. If plans are not available for future renovation or demolition activity, this can
be estimated by use of well-defined probability functions.

All the buildings in the hypothetical building stock are assumed to be in renovation state 1 at the initial
time. This is an unrealistic assumption as it is likely that parts of the stock will have reached a higher
energy efficiency through renovation before 2017 and reached state 2. When applying the model to other
case studies, this should be taken into account by starting the modelling period in the past or assuming
that a share of the initial stock is already in renovation state 2 in the start year of modelling.

Furthermore, if detailed renovation plans are known for the first few future years, it is possible to
specifically input plans for this period before starting the simulation of renovation activities from the
end of the planned period. Combining both input plans and simulations for the same year could cause
double counting. Estimated results for the advanced renovation scenario in the hypothetical case have
demonstrated that the model can be used to analyse different possible renovation ambitions and cycles.

The NTNU campus Glgshaugen has a complex building stock consisting of a large number of different
floor area types of different age. The introduction of floor area classes reduced the complexity of the
system during modelling, and reduced the number of required input energy profiles accordingly. It has
been assumed a future construction of 120 000 m? heated floor area. Currently, construction plans for
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96 000 m? heated floor area have been approved, and an additional 45 000 m? is planned renovated
(Norwegian Government, 2018). This decision was made after Glgshaugen was analysed as a case study,
and therefore, the assumed future construction used as input in this case study does not completely match
the actual plans.

By modelling individual buildings as objects, the building stock can be represented with high resolution.
The model is able to handle both neighbourhoods consisting of a large number of buildings such as the
hypothetical case, and building stocks with complex characteristics such as Glgshaugen campus. The
modelled stock activities reflect changes in stock composition that might actually happen in a given
neighbourhood over time.

Building stock scenario analyses can be performed for a neighbourhood by changing different input
parameters: plans and probability parameters for future construction-, demolition- and renovation
activities, renovation state change probability, building protection or class and cohort definitions. This
allows for the creation of roadmaps showing possible pathways of future stock development and for
analysing the importance of various parameters for the model results. The stock model results should
not be regarded as a prediction for how the future stock will actually develop down to each individual
building, but rather as an attempt to describe a possible future pathway.

4.1.2 Energy analyses

In the presented energy analysis of neighbourhoods, the long-term development in energy demand is
modelled in detail by combining estimated results from a building stock model with hourly delivered
energy estimations. Simulated energy intensities or empirical energy data for given buildings in the
neighbourhood are used.

Results for the hypothetical case suggest that the total energy use decreases in the future, despite the fact
that the total heated floor area stays rather stable. This is due to renovation of buildings in older cohorts
and old buildings being replaced by new construction. The energy use is estimated to decrease for all
carriers, and the share per carrier of the total is estimated to remain quite stable. This is because no
significant shift in the energy mix has been defined in the input. When assuming more buildings to reach
better energy standards when going through deep renovation, the results for the advanced renovation
scenario shows a potential for reducing energy use in the neighbourhood over time compared to the
baseline. In the advanced renovation scenario, there is a probability that buildings in their original state
will go through advanced renovation without having gone through a standard renovation first.
Interestingly, the annual gains in KWh/m? are better in 2050 than in 2070 when comparing the scenarios.
This is due to the assumption that buildings that are already in renovation state 2 will reach state 3 when
being renovated the second time. As a larger share of the stock is simulated to have been renovated two
times, the average energy use intensity in the baseline scenario starts to catch up with the advanced
renovation scenario when approaching 2070. This is observed when comparing the delivered energy
intensity per cohort where the intensity for the older cohorts drops much faster the first years in the
advanced renovation scenario than in the baseline scenario. Later, after about 2050, there is a faster
decrease in energy intensity per cohort in the baseline scenario. If a longer time horizon were to be
analysed, the energy use intensity per year would converge towards the same numbers as more buildings
are renovated. By aggregating the estimated delivered energy use for a given time horizon, the total
gains in reduced energy use can be estimated and compared across scenarios.
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For the NTNU campus Glgshaugen, a theoretical hourly heating peak load of 49 MW and an electricity
peak load of 11 MW were estimated. It is, however, unlikely that individual building peak loads happen
simultaneously. Depending on the tendency of peaks from multiple buildings to occur during the same
hours, the actual peak loads can be estimated through coincidental analyses. When aggregating to
estimated monthly delivered energy values, large variations are seen between months. This is as
expected as the heating demand is much lower during summer than in winter. In addition, the electricity
used for lighting and equipment is expected to be lower during the summer as occupancy of both students
and employees is lower during holidays. The estimated delivered energy is aggregated further to annual
levels from today until 2070. A clear weakness of using the average delivered energy intensity profiles
that do not vary between renovation states and cohorts is identified as the energy use follows the
development of the heated floor area. The estimated total delivered energy intensity KWh/m? per year is
more or less constant. This is very unrealistic as there will be renovation and new construction improving
or replacing old buildings during such a long period. Therefore, a larger database of energy intensity
profiles is required as input to get a realistic long-term analysis of the energy use in the neighbourhood.

Combining building stock models with energy analyses makes long-term modelling of the energy use
in neighbourhoods possible. Scenario analyses are defined by changing different input parameters and
can form a basis for detailed analyses of possible future energy pathways, for instance by changing the
energy profiles of different archetypes by varying the hourly energy demand or energy mix. Different
variants of measures, such as upgraded windows or a change of heating system, can be modelled using
energy simulation software such as IDA ICE. By shifting buildings between archetypes and variants
over time, the effects of specific possible energy measures on the neighbourhood energy use can be
identified and compared across scenarios.

4.1.3 GHG emission analysis

GHG-emissions caused by the operation phase of a Neighbourhood are simulated by use of estimated
delivered energy and carbon intensities. The estimated weighted average carbon intensity per time is
given as a function of carbon intensities per carrier and the share of carriers in the energy mix per time.
GHG-emissions can be estimated for the hourly, monthly and yearly level.

A decrease in annual GHG-emissions by about 46% is estimated in the hypothetical case baseline
scenario and 51% decrease for the advanced renovation scenario from present day towards 2070. This
correlates with the estimated decrease in energy use. No change in the monthly carbon intensities per
energy carrier over time is assumed in these scenarios, so the decrease is due to energy efficiency
measures through renovation and the replacement of older buildings with new construction. Similarly,
as for the estimated annual delivered energy, the difference between the scenarios is higher in 2050 than
in 2070 due to the renovation of buildings from state 2 to 3 happening at the end of the model period in
the baseline scenario. The aggregated GHG emissions from 2017 to 2070 is estimated to be 8% lower
in the advanced renovation scenario than the baseline scenario. This is an example of how the model
can be used to compare two different future scenarios with respect to estimated future GHG emissions.
The way annual gains vary over time shows that the chosen time horizon analysed can be of importance
to final conclusions.

The estimated monthly weighted average carbon intensity for Glashaugen in 2017 varies a lot between
months. It was highest in November at about 175 g CO»-eq/kWh and lowest in July with about 85 g
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CO2-eq/kWh. This reflects the changes in the energy mix used in the delivered energy to Glgshaugen
over the year. During winter, the heating demand is high and the share of district heating is high. During
summer, the heating demand is low and the energy mix is dominated by grid electricity. As shown in
Table 13 and Figure 29 the carbon intensities are much higher for district heating than for electricity.
The highest aggregated monthly GHG emissions in December are about 9 times higher than the lowest
emissions in July. Considering that January has a higher total estimated energy use than December, the
estimated higher GHG emissions in December is due to the weighted carbon intensity being higher in
December than in January. The estimated annual GHG emissions for Glgshaugen towards 2070 follow
the exact same trend as the estimated heated floor area. This is due to average delivered energy intensity
profiles being used as input to the model for all cohorts and renovation states combinations. This shows
the need for more detailed input data on delivered energy for various construction periods and renovation
states, so that an energy saving is seen in the model when a building is renovated or replaced by new
construction with improved energy efficiency.

In this analysis, GHG emissions from the combustion of municipal waste used to produce heat for
district heating have been allocated to building energy use. It is an ongoing discussion whether these
emissions should instead be allocated to the waste treatment process. If allocating the emissions from
combustion of waste to the waste treatment process, the carbon intensity from municipal waste to district
heating will be zero. In both case studies presented in this report, the energy use is dominated by the
need for heating. District heating is the dominant energy carrier in both cases, and the assumed energy
carrier mix used for district heating corresponds to the district heating system in Trondheim, with about
80% municipal waste. Hence, the chosen allocation method has a large impact on the model results. In
later case studies, the user of the model can decide what allocation method to use.

Scenario analysis can be done by changing the monthly carbon intensities for different energy carriers
over time. Estimated GHG-emissions are highly dependent on the stock and energy model results. All
parameters that influence the estimated heated floor area and the estimated delivered energy are
important for the estimated emissions. Different future pathways of GHG-emissions can be identified
by changing input parameters. Policies and measures can be compared and a roadmap can be created to
benefit policy-makers or other stakeholders.

4.2 Uncertainties
There is high uncertainty in any building stock energy model, and the uncertainty is larger when
estimating further into the future.

When the model is applied to a real, given neighbourhood, there will be uncertainty in various parts of
the model. The extent of assumed or simulated future construction, renovation and demolition may not
correspond to the real development of the neighbourhood. The assumed lifetime and renovation cycles
of the buildings are also highly uncertain, as well as the assumptions on what energy-efficiency measures
will be implemented when renovating in future and the assumed energy profile of new construction.

Furthermore, there is uncertainty related to how the model simulates renovation and demolition activity.
If the building stock is small, there might not be enough activities to simulate to get a good randomized
distribution. When analysing a small stock, it is probably better to manually estimate renovation and
demolition years for specific buildings. This is a bigger problem considering the modelling of the
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Glgshaugen case than for the hypothetical case presented in this report. In the Glgshaugen case, it is
possible to spot in the graphs when the larger buildings are demolished or renovated. These specific
activities affects the state of the stock much more than it would if the stock was larger.

Finally, the real energy use of a building might differ substantially from the energy load profiles that are
applied. They are based on either empirical data or simulations. The actual energy use of a building
might also change over time even though the building is unchanged according to changes in what the
building is used for or in user behaviour. There is also uncertainty related to what heating systems that
will be used in the buildings in future, as well as the energy mix, emission intensities and changes in
outdoor climate.

Hence, when applying this model, it is important to be aware of the underlying uncertainty in the input
parameters and model assumptions and to evaluate how they affect the model results. This can be done
through uncertainty analyses and/or sensitivity analyses. The underlying uncertainty is not a problem if
the possible changes in the inputs do not affect the overall conclusions of the analysis.

4.3 Strengths and limitations

The model is flexible in the way that it can model any building stock by use of existing data. It takes
into account the highly complex characteristics and allows simplifications to be made using floor area
types and classes. The model allows for a high time resolution and results can be produced on an hourly
basis. However, if less detailed data is available, the model can also simulate the monthly or yearly
energy use in the neighbourhood. The model is fully transparent, and the importance of the uncertainty
in the input variables and assumptions can easily be assessed.

Furthermore, the model is flexible in the way it allows for using any number of user defined energy
carriers with individual carbon emission intensities as input. The emission intensities can be given per
month or per year. Results are calculated per energy carrier and total. In this way, it is possible to analyse
and understand in detail how a change in the energy mix or carbon intensities at a given time will affect
the GHG emissions of the system.

The model makes use of energy load profiles, which can be either building specific and based on
empirical data, or class specific based on simulations or assumptions. This flexibility is a strength of the
model. The requirement of detailed inputs is, however, also a limitation of the model, as energy use
profiles might not be available for all the given buildings or floor area classes or for all the relevant
renovation states and variants. This was exemplified by the Glgshaugen case study presented in this
report.

The model is unnecessarily complex when modelling smaller neighbourhoods with only few different

building types or over a brief time period. It is, however, very useful when analysing more complex
systems.
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4.4 Future work

This work has demonstrated how dynamic building stock modelling can be combined with energy- and
emission flow analysis to estimate the energy use and GHG emissions of a neighbourhood. However,
there are still several aspects to consider that could further improve the model.

A database of energy intensity profiles for different building archetypes and variants should be
developed. These profiles can be created using modelling programs such as IDA ICE. The larger the
database, the more accurately it will be possible to model the energy use of a system and the more types
of buildings and states or variants can be included in the analysis even if empirical or building-specific
data are not available.

The model should be developed further to include the possibilities for energy generation and storage in
the individual buildings or on a neighbourhood level, as indicated in Figure 5. Possible available
technologies should be identified and a database giving input details about parameters such as storage
capacity, generation profiles and carbon intensities should be created.

A preliminary attempt to model Glgshaugen has been done in this work, but further work is needed. At
present only delivered energy profiles for five floor area classes modelled as the average Glagshaugen
building are available. More energy profiles are required to be able to simulate the future energy demand
in the system in a good way. In their master’s thesis in the spring of 2018, Nesgard and Ngo will further
develop their IDA ICA model to be able to simulate the energy load profiles for a larger number of
cohorts, renovation states and variants. Woszczek will explore the possibilities for local energy
generation and storage at Gleshaugen in her master’s thesis. When these analyses are available, it will
be possible to carry out a complete study of the future development in energy demand at Glgshaugen.

Additionally, Dahlin will analyse the carbon intensities in the different energy carriers used in the
energy mix at Glgshaugen. This will allow for better analyses of the current and future GHG-emissions
caused by Glgshaugen. Currently, the carbon intensities are given on the monthly or annual level. It is
possible to use a more frequent time step if for instance hourly intensities can be obtained. Further
considerations on whether to allocate GHG emissions from the combustion of municipal waste to district
heating or the waste treatment are needed.

It could be of interest to expand the model by adding estimations of material use in buildings. This could
be done in the same way as the energy estimations by using intensity profiles per archetype for material
need. Another possibility is to add cost estimations of stock activities, hourly delivered energy or
changes in the energy system.

Furthermore, the model should be tested on other ZEN pilots, e.g. Furuset, or other larger
neighbourhoods.
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5. Conclusions

A dynamic building stock model has been developed for energy- and GHG-emission scenario analyses
of neighbourhoods. The model is implemented in Matlab and can take input from standardized Excel
spreadsheets. Two case studies have been analysed, a hypothetical case with an artificial residential area
as well as the NTNU campus Glgshaugen. The main purpose of the report is not to perform realistic
case studies and scenario analyses, but rather to demonstrate how the model can be used to analyse
neighbourhood building stocks. Many assumptions have been made on input parameters. To produce a
reliable case study, a high quality and well-defined input data and parameters is needed. Such detailed
case studies are planned in in the further work within the FME ZEN in 2018 and 2019.Still, the presented
case studies demonstrate how the model is able to simulate dynamic development of a neighbourhood
building stock. The model makes use of real plans or well-defined assumptions on the activities that
lead to changes in the stock size, composition and characteristics. The way the changes in energy
efficiency is directly linked to these well-defined assumptions on renovation and construction is a
strength of the model. Furthermore, the model is flexible in the way it can make use of empirical energy
data whenever available, and otherwise, simulated or average data can be used.

Since the model is scenario based, it allows for comparing various possible measures and policies. In
this way, roadmaps giving potential energy- and emission pathways can be created and the most
important factors for future development can be identified. Hourly peak loads in delivered energy for
different energy carriers in a neighbourhood can be estimated. The building owners and users in the
neighbourhood can make use of this when planning future development of their building stock. This is
highly relevant e.g. for the case of Glgshaugen, where there is only a few, large institutions owning and
using the whole building stock in the neighbourhood. Furthermore, policy makers and local authorities
can make use of this when creating specific policies for a given area. The simulation of the aggregated
energy profiles within a given geographical area is also highly relevant for energy companies. For
district heating suppliers, it is important to know the estimated future heating demand and peak loads
when considering whether to extend their grid to the area. For electricity suppliers, it is important to
know the estimated peak load to dimension grid capacity correctly.

A larger database of different building archetypes is required to be able to model neighbourhoods with
various types of buildings being from different construction periods and in different renovation states.
The energy use in service buildings depends strongly on the building function. However, for dwellings,
the age is very important and intensity profiles for all SFH cohorts are needed to model a neighbourhood
with SFHs from different construction periods. Having a large database of archetype delivered energy
intensities to draw on is necessary when modelling complex neighbourhoods.

Further work is needed analysing the carbon intensity per time step for different carriers. Specifically,
considerations on whether to allocate GHG emissions from the combustion of municipal waste to district
heating or to waste treatment is needed when district heating is used for the thermal energy demand.
Model users can define the number of energy carriers in a neighbourhood with individual monthly
carbon intensities. This is a clear strength of the model as it allows for modelling complex energy
infrastructure and systems, but it also allows for grouping energy carriers into only electricity and
heating if simplicity is preferred.
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A natural next step is to implement neighbourhood generation and storage. Input information about
energy generation and storage technologies that can be implemented on the neighbourhood level is
needed. A database suitable for scenario analysis should be created.

The presented exemplifying case studies have demonstrated that the model is suited to analyse the long-
term development of neighbourhood building stocks. Even though the modelling period can be decades,
it still uses frequent time intervals and results are calculated hourly for the whole period. It has the
potential to be a tool for policy makers and stakeholders planning future development of
neighbourhoods.
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Appendix A: mathematical framework

Appendix A describes the mathematical framework used in the presented model. Equations used in the
building stock model is presented in A.1, equations used in the energy model is presented in A.2,
equations used for GHG emission analysis is presented in A.3 and equations describing coincidental
analyses is presented in A.4.

A.1 Building stock model

All the given buildings in the stock at the start year of the modelling period define the initial state of the
stock. Over time, the stock size and composition can change due to construction and demolition as
described by Equations 1 and 2.

d
B(t) =B(t—-1) +EB(t) (D
B(t) =B(t—1) — Baem(t) + Bpew(t) (2)
Where:

B(t) : Building stock at the end of year t.
Beem(t): Demolition activity in year t.
Brew(t): Construction activity in year t.

In addition, the characteristics of the stock can change due to renovation activity Bren,

Since each building consists of one or more units, the total individual heated floor area A, for a given
building is equal to the sum of the heated floor area of all units belonging to the building 4,,, as described
in Equation 3. Furthermore, the heated floor area of a given floor area type y in each building b, Ay, is
equal to the sum of the floor area of all units belonging to that floor area type in the given building, as
described in Equation 4.s Finally, each floor area type y belongs to a floor area class z. The heated floor
area for a given class per building Ay is equal to the sum of all floor area types belonging to the floor
area class in the given building, as described in Equation 5.

Ay= ) Ay 3)

ueb

Ay = D Ay, )
UEy

Az = ) Ay, 5)
y€EZ

The building specific heated floor areas are aggregated to the building stock level. The total heated floor
area for the system belonging to a specific floor area type A,, is equal to the sum of the floor area of the
given floor area type A, for all buildings in the system, as described in Equation 6. The total heated
floor area belonging to a given floor area class A, is equal to the sum of 4, , of all the buildings in the
system. This is also equal to the sum of A,, for all floor area types belonging to the given floor area class,
as described in equation 7. The total heated floor area in the building stock Ay is equal to the sum of the
heated floor area of all units A, in the system. Furthermore, this is equal to the sum the heated floor
area A, of all the buildings in the system and equal to the sum of the heated floor area belonging to all
floor area types in the system A,,. Lastly, this is also equal to the sum of heated floor area belonging to
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all floor area classes in the system A, and renovation states in the system A;. This is described in

Equation 8.

Ay©) = ) Apy (©) ©)
b

A (=) Aps(®) = ) Ay @® @
b YEZ

A5 = D Au() = D A0 = ) A(D) = D 4,0 = ) A () ®
u b y z r

A.2 Energy model

The delivered energy to the building per energy carrier E}, . is equal to the delivered energy for the given
carrier of all units E;, . belonging to the building. This is equal to the floor area of a unit A,, multiplied
with the energy intensity of the given floor area type and carrier E; . ,, that the unit belongs to. This is
shown in Equation 9. Delivered energy per floor area type to a given building Ej, ,, is equal to the sum
of delivered energy to all units Ej, ,, in the building belonging to the given floor area type, as described
in Equation 10. The delivered energy to a building per floor area class E,, , is equal to the sum of the
delivered energy to all the floor area types Ej, ,, that belongs to the given floor area class, as shown in
Equation 11. Equation 12 describes that the total delivered energy to the building Ej, is equal to the sum
of the delivered energy to all units E,, belonging to the building. This is again equal to the sum of
delivered energy from all carriers to the building, Ejp . .

Bpe(®= ) Eue(®= ) AyFiy(®) ©
U€Eb U€Eb

Eoy ()= ) Fyu (8) (10)
UEY

Epo(®) = ) Eyy (©) (11)
yEZ

Ey(®) = Y Ey@® = ) Fye(®) (12)

U€Eb e

Delivered energy is aggregated to the stock level, as shown in Equations 13-16. The delivered energy
to the building stock per floor area type E, is equal to the sum of delivered energy to all buildings in the
stock for the given floor area type Ej, ,,, as given in Equation 13. Equation 14 describes that the delivered
energy to the stock per floor area class E,, is equal to the sum of the delivered energy to the given floor
area class all buildings in stock, Ej, ,. This is again equal to the sum of delivered energy to the stock
given for all floor area types E,,, subject to the given floor area class. Delivered energy per energy carrier
to the stock E, is equal to the delivered energy to all units in stock for the given energy carrier, E,, ..
This is equal to the delivered energy to all buildings in the stock for the given energy carrier E,, .., the
sum of delivered energy E, . for the given carrier to all floor area types and the sum of delivered energy
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for the given carrier E, , to all floor area classes, as described in Equation 15. Equation 16 defines how
the total delivered energy to the whole stock Ej is equal to the total delivered energy to all units in stock
E,, , the total delivered energy to all buildings E,, , the total delivered energy to all floor area types E,,
the total delivered energy to all floor area classes E,, the total delivered energy for all carriers E, and
the total delivered energy to all renovation states E;.

Ey(©) = ) Byy (0) (13)
b

E,(t) = ZEM ©= ) B ©® (14)

Y€z

E(t)—ZEue(t)— ZEM(t)—Z e<t>—ZEze<t) (15)
EB(w—ZE = ZEb(t) —ZE ® —ZE(t) ZE (t)—ZE ® (16)

A.3 GHG-emissions model

The greenhouse gas emissions G are estimated based on the outputs from the energy model and input
time series for carbon intensities I. The model allows for carbon intensities changing over time and given
per year or per month for each energy carrier. The share of delivered energy that is electricity to
appliances is given as a. Input is given per energy carrier e and results are calculated per carrier and
time, as shown in Equation 17. It is then aggregated to total emissions from delivered energy to heat in
Equation 18, electricity in Equation 19 and the total for the whole system in Equation 20.

Ge (t) =E, (t) * Ie(t) (17)
GB,heat(t) = z EB,e(t) * Ie(t) * (1 - ae) (18)
GB,el(t) = Z EB,e (t) * Ie(t) * Qg (19)
G5() = ) Gre® = Ga(®) + Grear(® (20)
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A.4 Coincidental analyses
Guan et al. (2016) define the coincidence factor S for a neighbourhood as given in Equation 21.

_ Protmax
S o Z?:l Pi,max (21)
Where:

S = Coincidence factor of total neighbourhood energy use at observed years.
Pimax = The maximum electricity load or heating load of a building i.

Puotmax = The maximum electrical load or heating load of the neighbourhood.
n = The number of targeted buildings.

Guan et al. (2016) define the coincidental contribution of individual buildings to the whole
neighbourhood as given in Equation 22.
Py

Si = (22)

Pimax
Where:
Si = Coincidental rate of building i to the neighbourhood peak at observed years.
Pi = A building’s electricity load or heating load at the time of the neighbourhood peak.
Pimax= The maximum electricity load or heating load of a building i.
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