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Abstract

This masterthesisisaboutdistrict heatingin Amsterdam. In the context of climate change, the
research looks at alternative ways to heat up buildings. One of the alternativesis a heat distribution
network. Avery efficient however costly way of relocating excess heat throughout the city. This
research studies this potential alternative for gas heating. It focusses on the city of Amsterdam with
a lot of infrastructure alreadyin place and a wish to getrid of gas heating.

In the firstresearch question it looks at the most well known alternatives for gas heating and ranks
them. District heatingisthoughtto be one of the best solutions next to betterisolation, however
isolation does mean that gas still is used. The downside to district heatingis the highinvestment
cost. The second research question looksinto the demandin the neighboured the Rivierenbuurt,
Amsterdam. Overall, demandis above average in this particulararea. The building yearis one of the
factors thatinfluence the demand forenergy.

The third research question calculates the least cost pathway for district heating using the spanning
tree algorithm. Aswell asthe spanningtree, anumber of hydrological tools are used to calculate the
cost for a new networkinthe research area. Also benefits were calculated using the CO, emission
multiplied by the emission trading price. Inthe fourth question the modelis tested inthree different
demandscenarios. Thisresultsintothe insight thatthe costare non-linearrelated to the demand
points. Forevery connection more the costdo not increase linearly.

Overall, the costare many times higherthan the overall benefits on yearly basis. However, this does
not mean that district heating should be completely written off. One of the advantages of district
heatingisits compatibility with different heat sources and therefore small scale solutions can be
profitable. Seeninabroadersocial perspective, this solution should be considered by policy makers
because as a society we have try to stop climate change.



Glossary

HDN | Heat distribution network A network that disperses heatto houses
DH | District heating An areainwhich energy is disseminated. network
that disperses heat to houses.
HE | Housing equivalent the average amount of energy used by a household
expressed for one building.
HP | Heat pumps An alternative system of heating. This system uses

electricity to move the heat, that is absorbed from
the air,inside.

PC6 | Postal code 6 postal code level which uses four numbers and two
letters as geographic reference.
BGT | Basisregistratie Grootschalige A very accuratedataset of the publicspacesinthe
Topografie Netherlands.
BA G | Basisregistratie Adressen en A accuratedutch datasetabout all the buildings inthe
Gebouwen Netherlands.
OSM | Open Street Map Open sourcedataset of buildings and roads.
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1. Introduction

Since2012 we areofficially livingin a new geological era called the Anthropocene. After the Holocene, the
new era is defined by mankind as havinga severe effect on the planet (Luttikhuis P., 2012). The effects of a
changingworld are now tangiblewith for instancerecord heat in Australia and alsorecord braking storms in
the Caribbean (Luttikhuis P., 2017). Organisationsaretryingto push-back on climatechange with treaties such
as:The Kyoto Protocol (United Nations,2014),The Lisbon Strategy (European Commission,2000) and Europe
2020 (European Commission,2010).

Furthermore the Dutch government signed multipleinternational agreements on CO2 reductionto reduce
climatechange. However, in arecent lawsuitby “Urgenda” the judge urged the government to increasetheir
efforts because they were not compliantto treaties they signed (Schreuder, 2015). Accordingly, the national
government sharpened the Dutch agenda for energy transition; the “Energieagenda”, in which the visionon
sustainability for 2050is described in order to be compliantto the treaties. (Ministerievan Economische
Zaken, 2016).

Parallel to the push for sustainability, there is alsoa changein demand for energy. Inthe Netherlands we see a
decreasein householdsizeand anincreaseinthe absoluteamount of households. Infact, the amount of
households has risen with 143%sincethe 1960’s. This can be explained by the average household size which
has dropped from 3.6 inhabitants per household to 2.2 inhabitants per household (Moetekoe, 2016). With an
increasein absoluteamount of households, the demand rises.

The total amount of energy usedin the Netherlands in 2016 was 800 PJ. Almost 30% of this energy is used for
the heating of buildings whichis created by every household on itself. Heat was traditionally produced using
wood, peat and charcoal ina fire. However, this changed quickly when in 1948 a major gas field was found in
Coevorden. The municipalityinvested in a gas network that delivered natural gas instead of lightgas to the
front door. Until this day, households burn natural gas to create heat and cook with (NAM, 2018).

Mining of gasis heavily debated inthe Netherlands. Gas is mined in Groningen andinthe North Sea, however
not without consequences. In January 2018 an earthquake, with the magnitude of 3,4 on the Richter scale,
caused damage inthe province. Also, earthquakes are becoming more frequent and stronger the lastyears
(Leijten, 2018).

Energy consumption per householdis largely spenton heating. Inthe Netherlands, the most common way to
heat a buildingis with natural gas.On average,a household uses 1.500 m3 of natural gas which can be split
into 80% for heating and 20% for heating of water (Milieucentraal,2016). To comply to the agreements made
in Paris, heating of housing shows great possibilities on nationalandlocalscale. There are multipleways to
realizeenergy-use reduction. Accordingto research, almost350 PJ of heat can be delivered by district
heating(DH) in 2050 (Planbureau voor de leefomgeving , 2017).

Alliander, a net provider in the Netherlands, is researchingthe possibilities in district heating. This is notnew in
the Netherlands. Rotterdam for instanceis a city that makes use of this system. Itis seen as a system that can
help to heat housingina more sustainableway. Excess heat or green gas can be used to heat buildingsina



villageor city. This systemis applicablein differentways, as showninfigure 1.

N O TS

Efficient electrical heating through a District heating Changing gas suppliers
heat pump
1.Interconnector 1.Suplementing gas supply alternative gas
1. All electric with heat pump 2. Open district heat network suppliers
2. Concepts involving PV-panels 3. Low temperature heat network 2. Open networks for biogas
4. City heat/ district heating network 3. Hybrid heat pumps
- Good isolation of floors, walls and roof
- Expensive heating installation - Availability of residual heat - Access of biomass
- Low temperature heating systems - No additional isolation measures needed - Adapted heating installations
- Strengthening electrical network - Scale for positive business case - No additional isolation measures

Figure 1 Future heating systems, (Alliander, 2017)

1.1 Problem statement

For the city of Amsterdam the “Energieagenda” was not enough. Thatis why alderman Choho published the
cities vision for 2050, where the city will be heated without the use of natural gas (Oosterbaan, 2016). Excess
heat produced as aresidual product by the industry will bedistributed through districtheatingin this vision.

The cityis takingthe matter seriouslyand startedinitiatives suchas ‘Westpoort Warmte’ in Amsterdam, which
makes use of decentralised districtheating (Nuon, 2014). These initiatives arewith local parties and are not
interconnected throughout the city. As stated before, net provider Alliander is exploring the possibilities of
districtheating (Alliander,2017). They own and maintain the electrical and gas network of the municipality of
Amsterdam. To maintain the network, certain connections need to be renewed every so many years.
Combiningthese activities with the ambitions on heating of the municipality may open up new opportunities.

Buildinga heat distribution network bares highinitial costs. There are a lot of factors that come into play
when constructinga network, such as:groundwork, heatloss, distanceto heat source, number of users,
amount of crossroadsand financial depreciation of the existing net.

Locationis key when itcomes to districtheating. Therefore, an optimisation can make the difference to reach
the goal set by the municipality. Which costs and which stakeholders areimportant, and is districtheatinga
good solutionto fulfil thegoals set?

1.2 Research objective & questions / \
As explainedinthe introduction, there is aninevitablechangeinthe energy market
worldwide. Every energy market and governmental body acts on its own way. This
particularresearch will focus on the energy market in Amsterdam.

Goal of this reportis:“ develop a model that finds the optimal location for district
heating and calculates the social cost and benefits, at street level in a research

area.”

This will resultina map with the best potential route for districtheatingin one of

the neighbourhoods in Amsterdam. K /

Inorder to answer the research objective four questions have been formulated:

Figure 2 Output products of

1. What are possible heating systems in the near future? research



This question has to identify different ways to make the city more sustainableand pointout potential
candidates forresearch. Also, it should identify potential competitors for districtheating. This is based on a
literaturestudy and will resultina table.

2. How is heat disseminated in the present?

How is the current network constructed, and where are the largestakeholders located? These questions will
be answered to form the groundworks for the network analysis later oninthe research. This question looks
into heat demand becauseitis one of the key factors for districtheating.

3. How can heat be disseminated in the future?

Inthis question the followingthree components will treated: the network will be constructed using GIS, the
constructed network will be translated into costand followingthe costand benefit ratiowill be constructed.

4. How robust is the approach?

The lastquestion will develop three different demand scenarios for theresearch area. They will becompared
with each other to get aninsightinto what demand does with the model.

1.3 Reading guide

The researchis constructed in such a way that the reader is ableto followevery step inthe process. Firstthe
concept chapter explains the larger concepts that are used in the report. The methodology forms the basefor
the research questions. It explains howthe research was done and ithandles the different algorithms thatare
used.

The fourth chapter shows all the results per research question. Whichis followed up by the conclusionand
later the discussion. Thelatter being the chapter where the report will be reviewed critically by the researcher.



2. Concepts

This research focusses on heating of buildings and different ways of heating. Before going into further detail,
some general concepts have to be explained.

2.1 Network

Inthe context of this Geo-Information research a network is: “A collection of topologically connected network
elements (edges, junctions, and turns) that are derived from network sources, typically used to represent a
linear network, such as a road or subway system. Each network element is associated with a collection of
network attributes. Network datasets are typically used to model undirected flow systems” (ESRI, 2016).

Net provider Alliander is owner of an energy transportation network, whichis ableto transportdifferent kinds
of energy, suchas natural gas and electricity. This report focusses on an alternative energy network inthe
future.

2.2 Net provider

The net provideris a utility companyand is responsiblefor delivering energy to clients. Costs are paid by the
clients via the electricity company.

Amsterdam, the researcharea, is within the servicearea of net provider Alliander. This companyis split into
three important subcompanies of interest for this thesis: Liander the net provider, Liandon technical support
and Alliander DGO sustainable development organisation (Alliander,2017).

Duringthe researchthere was extensive contact with the net provider Liander because of the shared interest
inthe subject.

2.3 Smallest primitive

As stated earlier inthe research objective, this research focusses on districtheating atstreet level. The
research will focus on the city of Amsterdam. This has to do with the vision of the municipality and becauseit
is the care area of net provider Alliander.

The level of detail is directed by the level of detail in de datasets. Districtheatingis implementableat an even
smaller scale.However, inrealityitis more common to implement districtenergy supply on neighbourhood
level.

The energy model is graphicallyshowninfigure3. AHDN can be decentral and circularwhere a gas network is
linear. With HDN heat can be delivered backinto the system. Energy storage is possiblein both systems,
however this is notwithinthe scope of the research and therefore is left out of the illustration.

Heating nodes Heating Configuration nodes (2 extremes)

heating energy source decentrally integrated; cyclic

energy converter

centrally integrated; lineair
. energy storage

heating request / user

Figure 3 Theoretical illustation of heating network

2.4 District Heating
DistrictHeatingis not a new technology inthe world. Countries likelceland, Norway and Denmark have been
usingitfor decades. In Denmark this technology came into play duringthe oil crisis of 1973 when they needed



to increasethe efficiency of the whole energy system inthe country (Buhler, Petrocvic, Karlsson, & Elmegaard,
2017).Therefore, this system has proven its potential in the past.

The system is a network of pipes that are isolated very %
well inorder to transportheat from a sourceto a boiler ‘mj,,_ il
or heating element. Vice versa for transport of cooling ORtbtGH
energy. Traditionally the heat sourceis a power plant. ‘ Infregiructure
However, the system is versatileand becauseitis not \ v \ oo if

N Heating & Cooling Syst
dependent upon justone heat sourceitis ableto al Gas
combine different heat sources with different /
temperatures. The versatilityisshowninthe figure 4. .
For instance, Excess Heat (EH) of industrial processes K7 / @

. Coal Residential

canbe a heat sourceto the network. Not only EH is a ‘@ Son il
heat source, biogas and solar energy can also be heat -
sources. As well as thermal heat, which canbe won in W Enersy.
the ground.

Figure 4 District heating inputs, (FVB Energy Inc., 2017)

The different stages of districtheatingareillustratedin figure 5. This research focusses on 4th generation
districtheating, becauseitis the most eco-friendly and future proof version.Remarkable trends illustratedin
figure 5 are: the energy efficiency that keeps rising, the temperature at which the heat is distributed is
gradually dropping and also theamount of different heat sources hasincreased. Interestingas well is the
capability to connect future energy sources to the system as well.
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Figure 5 Generations of district heating, (Lund, et al., 2014)



2.5 Heating

Inorder to find a good heating system, itis essential to understand what the desired temperature is.Each
person’s preference is different when itcomes to temperature of a living space. However, the rule of thumb,
accordingtothe World Health Organisation literature,is 18-22 degrees Celsius (WHO, 2007). Heating of
housingis importantbecausethis temperature assures lowrisk of illness for youngand elderly people.

The need for heating is commonly referred to as gas units, whichis expressed in cubic metres. This is done
because gas is mostoften used to create heating inthe Netherlands. Another way of expressingthe demand is
in Gigaloule.
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3. Methodology

3.1 Research steps

The research questions are constructed in such a way that there is a logical build up to the conclusion. Itforms
context for the analysisand explains certain choices thathave been made. The two flow

diagrams (figure7 & appendix 1) shows the skeleton of the research.

3.1.1 Literature

There are two kinds of inputs for this research. Input from literatureand from data.
Figure 6 illustrates thatcost and benefit literatureis studied not only to identify the cost
and benefits but also the different heat sources. Duringthis partof the research general
knowledge was also gathered by speakingto experts at Alliander. This approachis

mainly used to answer the firstresearch question.
Figure 6 theoretical

Input data 3.1.2 Input data input ofresearch

- Figure 7 shows the different dataset that will be used for the data analysis. Data
about demand and efficiencyis studied to identify the demand for heat in
- Amsterdam. Furthermore Open Street Map is used for

roadmaps and centroids of houses. Lastly the Basisregistratie

Intermediate steps

Grootschalige Topografie (BGT) is used for the costanalysis
on street level.

Figure 7 input data of
model

3.1.3 Processing steps

Then the intermediate steps aretaken to answer all thequestions. This is the analysis

part of the report. Categorizingand weighting of costand benefits arethe basistothe

network analysis. Acostmap is constructed on which a network is constructed. This

will formthe cost partof the analysis. Thebenefits arecalculated by computing the

reduction of emissions. Both functions will beillustrated during the methodology ina
table. | Network |

analysis
!

Output products Benefits

3.1.4 Output products
Figure 9 shows the outputs of the report. The model is the
most important part of the research. It will existout of

several partsinorder to perform the analysis. The resulting Figure 8 process steps

map is a product of the model to show the calculations. data anlysis andmodel

Questions areformulated to form the context of the larger
research questioninorder to answer it correctly. The questions follow up one and

Figure 9 ouputs of other andbear different kinds of information needs
research

3.1.5 Input chart

Input for each question is ordered into three categories. These inputs differ per nature of the question. For
instancethe firstquestionis a literaturestudy; therefore it does not need anopen datasetshown infigure 10.

Ql Q2 Q3 Q4
P "N T "

M Literature study [ Literature study [ Literature study [ Literature study
M Interviews M Interviews I Interviews 1 Interviews
[ opendata I Opendata I Opendata I Opendata

Figure 8 inputs perresearchquestion
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3.2 Literature Study

The baseof the study will be conducted through a literaturestudy, following the book: “Key methods in
geography” (Clifford & Valentine, 2003). Academic resources likereports, journals and books will be sought
after on the subject District heating. Knowledge on the technical partof the subject will become indispensable
further on duringthe research. A better understandingofthe matter constructs the context in which the
research will beembedded (Blaxter,Hughes, & Tight, 2001). Several keywords inthe search for literatureare:
heat distribution networks, districtheatingand heat storage. For each keyword multiplesources have been
consulted to develop a critical pointofview upon the matter (Blaxter, Hughes, & Tight, 2001).

Identifying different solutions for global warmingrelated to heating of housingis especially importantfor the
firstquestion. Districtheatingis dependent upon different variables which makeor breakits success.

3.3 GIS Analysis

3.3.1 Method per research question

Question 1: upon the numbers found in the literaturean economic analysis will be preformed of the different
heating systems (Varian, 2010). Literature shouldyield enough data to plotthe efficiency of different heating
systems. This will formthe bases for later GIS analysis.

Question 2: Data about the network, owned by Alliander, is used duringthis partof the research. A network
analysiswill be one of the tools used. To be more specific, a selection of features will be made to identify the
age of the existingenergy network. Furthermore, sources of heat will beidentified inthe data usingopen
sourcedata from the municipality (Municipality Amsterdam, 2017). And lastly, maps will be constructed to
identify the demand throughout the city with the aim of identifying opportunities within the net using GIS
(Huang, 2017).

Question 3: Open sourcedata such as the Basisregistratie Grootschalige Topografie (BGT), Basisregistratie
Adressen en Gebouwen (BAG) and Open Street Map (OSM) will beused to assess thedifferent cost on street
level. Using GIS tools a costmap will be constructed (Douglas,2016). Using the principal ofa minimum
spanningtree the route will be constructed and demand will be calculated. The tools that will be used are
discussed inthe chapter “Tools”.

Question 4: The model constructed and usedin the third research question will be tested with three different
scenario’s.Onescenario with only half of the points, one realistic scenario and one scenario with twice as
much points. These points will beselected randomly after which the results aredisplayedinthe report.

Flow chart methods
This researchidentified two different methods to model the leastcost paths. The first method is demand
driven. Polygons and polylines will beretained and demand points are used as inputfor the spanningtree

function from GRASS GIS.

Buffer Query on roadtype Convert to GJoule
Polygon Dissolve Interpolation
Overlay Isolines

Spanning tree

Steiner spanning tree

Figure 9 Flowchart model polyline method

The second method is supply driven. Where the firstmethod calculates the pipe routes with demand as the
mainvariable, the second method calculates the leastcost path. Polygons must be converted into a rasterfile.
Hereafter, there are two methods that are ableto constructa leastcosts path. One uses the costconnectivity
tool and the second method uses a stream model to calculatethe cost and demand. Unfortunately, there will
be alossinaccuracy when usingthis method, however this method is less complicated and uses less

12



assumptions aboutforinstancethe surface material. Therefore, the raster methods are used in this research.
Where the costconnect method produces the costpath and the stream method can be used to determine the
demand per polyline.

Polygon to raster Buffer

connect todemand
Input data

Cost connect method Stream model

Figure 10 Flowchart model raster method

3.3.2Tools
The analysis partissplitinto statisticsand GIS functions and tools. All the concepts in this chapter are used at
the lasttwo research questions. The followingfunctions areapplied:

Algorithm
To optimisethe servicearea and minimalizethe costs for districtheating, the research needs analgorithm. For
such geo-information problems there are algorithms thatfocus on the cost of edges between nodes. A
solution for this problemis described in literatureon spanningtrees. This research looks atthree different
algorithms thatmay form a solution.

Minimum spanning tree

This method is a graph that connects all edge-weighted vertices
together, without making cycles while maintaining minimumcosts. A
spanningtree whose length is the shortestof all spanningtreesis
called the minimum spanningtree (MST). This method is one of the
classicmethods invented by Boruvkain 1929, and is still used to solve
coverage problems for telecom companies (Nesetril, Milkova, &
Nesetrillova, 2001). The figure illustrates a MST solution.

Kruskal’s algorithm

The basics of the Kruskal’s algorithmis identifying the leastcost weight
of an edge as a starting point. The greedy algorithmasses each edge at
ascendingorder, and checks whether the edge will forma cycleifitwas
added to the tree. If thisis not the case, the edge will beadded to the
tree until every edge is assessed (Katsigiannis, Anastopoulos, Nikas, &
Koziris,2012).This algorithmis notthe quickest way to solvingthe
minimum spanningtree becauseit needs to assess all edges one by one.

(b)

Figure 12 Kruskal’s algorithm, (Katsigiannis,
Anastopoulos, Nikas, & Koziris, 2012)

a C
Prim’s algorithm
This algorithmstarts ata given point and will calculate the minimum spanningtree
from this point. Itis a greedy algorithmthat finds the MST for a undirected graph. The ) s
algorithmgrows one edge at a time pickingthe leastcostpath (Pettie &
Ramachandran, 2002).

b d

13
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Steiner’s algorithm

Steiner’s algorithmis a minimum spanningtree which can be used to calculatethe  Figure 13 Steiner'salgorithm, (Brazil,
minimum-cost vector network connecting a number of nodes ina network Graham, Thomas, & Zachariasen, 2013)
framework. It connects the demand points a, b, c and d usingthe shortest path.

Therefore, itintroduces two extra nodes in order to keep the edges as shortas possible (Winter, Richards, &

Hwang, 1992). This method is usedin geographical information software for the planning of fibre optic cables

to providea servicearea.

Stream model

Strahler’s model is commonly used inthe science of hydrology, this model was built
to identify stream orders. Next to Strahler’s model there is the Scheidegger’s stream
magnitude function. It accumulates different streams into one main stream
(Radinger & Gebbert, 2016). This function can be used on raster data to identify
possible piperoutes throughout the city.

However, this research uses Shreve’s model illustratedin figure 14. This algorithm
accounts for all linksin the method. The difference with the Strahler model liesin
the way the interior links arecalculated. [tadds the order numbers up from
previous links.

Cost back link

This tool is used inthe model before the cost
connectivity tool. The function defines the neighbour cell
with the lowest value. This wayitis ableto determine
the leastaccumulative costpathto the source.Inputs of
this tool are the sourceand costboth ina raster format
asillustratedinfigure15 (Esri,n.d.). Source_Ras Cost_Ras Cost_BackLink

[ value = NoData

Cost connectivity Figure 15 Costbacklinkillustration, (Esri, n.d.)

The cost connectivity tool produces the least-cost

connectivity network connecting multipleregions. Againthe costrasteris ainputandis combined with the
polygons of the regions the function needs to connect (Esri, n.d.). Before constructingthe costconnect path
the functions connect all regions to each other ina network graph. Then it uses a minimum spanningtree to
constructthe cost connect map illustratedinfigure16.

S ’
v »
Regions Cost_Ras Cost_Connect

Figure 16 cost connectivity illustration, (Esri, n.d.)

Watershed

The watershed tool is well known inthe scientificfield of
hydrology. Itcomputes the area that generates a glow to
a common outlet point or pour point. Within the larger
watershed there are smaller sub basins thatcontributed
to the larger watershed (Esri,n.d.). Combined with

Watershed boundary
Subbasin

Drainage divides
Shreve’s stream model the demand of a sub basincanbe

calculated.

Stream network
Cutlets (pour points)

) /)00

Figure 17 Watershed, (Esri, n.d.)
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Align features

This functionis ableto match lines within a search distanceand align them with the target feature. This way
polylines constructed froma raster datasetcan be snapped to target polylines. (Esri, n.d.)

3.4 Cost function

To calculatethe cost, we have to identify different cost factors before apprehending them ina methodology.
The cost functions areused in the third and fourth research question.

Nielsen & Moller show that there is a method for calculatingthe potential of DH on national scalein Denmark
(Nielsen & Moller, 2013).

1
Cpr = Cprog + Crr + Cy;
This equation sums up the total cost for districtheating by adding up the production, transmissionand
distribution cost.
Production cost
Traditionally heatsources areheated by burningfuel to produce heat. This traditional method was used by
Nielsen & Moller to formulate the production cost(Cp,.,4) equation (Nielsen & Moller,2013).
2

Total energy heat cost
Total heat deliv + 20% heatloss

x [EUR/G]]

However, because excess heatis aresidual productofa production process, the cost arecloseto none
existent. Therefore, the production costwill be null inthe costfunction (Cpp).

Heat transmission cost

For the model itis not desirableto placepipesinunrealistic places. Therefore, the pipes followthe road
network of Amsterdam, inthe model. However, in reality transmission pipes may be located elsefor economic
reasons, the model will hereby represent a conservative estimate of the length of pipes.

Usinga minimal network spanningtree algorithmin GIS, the minimal pipelength will be calculated to the
closestdemand area for DH. To carry out this analysis the polygons will be converted into centroids within the
GIS tooling. Henceforth calculatingthe capacity of the pipes by dividingtheannual energy demand of the area,
in MWh per year, by 3000 full-load hours, which determines the capacityin MW. Temperature difference of 55
0C and water flowrate arespecifiedinthe table. Inorder to calculatethe transmission line cost, the following
equation has been formulated:

Ctransmission = Qlength of trajectory * Pcost per metre
3
=1 " Ldiscount rate
@ = ltotal cost 1— (1 _ i)_n
4

The total costof transmissionlines is calculated by multiplying length and cost per meter for the trajectory.
Cost per metre is estimated to be around € 250,-. This estimate was based upon costper metre for a new gas
network. The costfor new pipes underneath a crossingis € 5000,- (Liander,2018).

Next the transmission costisannualized (&) with a lifetimeof 30years (n) anda discountrate (i) of 6%.
Finallythecostis divided by the heat demand in each area to give the annual EUR/GJ cost for the transmission
of the area.
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Cost heat distribution
Multiple costfactors areassociated with the distribution of heat. Based on Persson & Werner this research
identified four costfactors for cost distribution: capital cost, heat loss cost, pressureloss cost,serviceand
maintenance cost (Persson & Werner, 2011). Where the capital costis thelargest contributor, becauseitsis
the investment cost of constructing the network inthe ground.
Quie = - [EUR/G)]
L

The equation Cgist represents the annual distribution capital cost. Where the annuity (a) is multiplied by the

investment (C1 + C2-d,) and divided by the annual heatsold (%). Where Clis the construction cost

constant (EUR/M), C2is the construction costcoefficient (EUR/M?2), d,, is the pipe diameter, %is the annual

heat sold divided by the length of the trench.

The annual heatsold (Qs) canalsobedenoted as [p - g - wl, where p is the plotarea, g the specific demandin
GJ/M? buildingarea and wis the effective width. W can be calculated as followed:

w = 80.144 - ¢ 074*P

3.5 Benefits function
The benefit functions is used in the third and fourth research question. The benefits can be deduced into cost
reduction and a reduction on CO; pollution.

CO> reduction district heating

The nature of this researchis districtheating with excess heat. Therefore, the CO; pollutionis considered to be
null. Being CO2 neutral is the biggest selling point of DH. However, itis hard to express this monetary. The
reduction of CO2 can be expressed in the followingfunction:

6
Reduction [EUR] = DH — Alternative
Red [EUR] DH QCOZ per unit [kg COZ] * Qconsumed gas * PETS[tCOZ]
e = -
1000
7

For this research the reduction of CO, will beexpressed in EUR using European Union Emission Trading
Scheme as reference. One emission certificateatthe end of 2017 was 7 EUR.

Air pollution

Another largefactoris the particulate matter nuisancewhen burninggas, caused by particulate matter (PM10)
. A largeamount of particulate matter can causesmogina city. This is proven to be harmful to the lungs of
people and therefore forms a threat to public health (Kampa & Castanas, 2008). Therefore, itis beneficial to
reduce this pollutant. The followingequationis used to calculatethe amount of pollution.

Reduction = DH — (Gas PM10 pollution + NOx)

Gas PM10 pollution = (Average PM10 per unit * QDwemngS)
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3.6 Cost-benefit table

Total cost: Total benefits:
CDH = Cprod + CTT + Cdi B = Redcoz +RedPM

Production cost: Reduction CO;:
Total energy heat cost Reduction [EUR] = DH — Alternative

EUR/G
Tot heat deliv + 20% heatloss + 1 /6J]
Transmission cost Reduction particulate matter (PM):
Ctran.s'mission = Qlengthof trajectory *Pcostpermetre Reduction = DH — Gas PMlO pollution
Cost distribution
a-(C1+cC2-d
( o) [EUR/G]J]

Qdist = Qs
L

Table 1 Cost-benefittable
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4. Research results

The results out of four chapters. Firstthe different heat system will be identified, secondly the heat demand in
the city will be identified, thirdly the model will calculatethe route and cost for the Rivierenbuurtafter which
the model will betested indifferent scenario’s.

4.1 Heating systems

Identifyingall heatsources is essentialto this research, because delivering the right energy sourceto the client
is crucial forimplementation. This chapter is dedicated to answeringthe firstresearch question,and will sum
up the different results in sub-chapters. The table illustrates theranking of heating systems based on found
literature.

District Heating Infrared
Heat pumps

Solar water heating

HR Kettle

Cost

Environmental impact

Table 2 Ranking of energy systems

) ) werbrandingsgassen
4.1.1. Housing heating systems
There are two main consumers of heatina -
building. Oneis tap water for the shower /l I
warmtewlsselaar

and the dishes.The second consumer of
energy is for the heating of rooms inthe
house. This is distributed through heating
elements.

— warm water

radiator

radiator

pomp +——

koud water

Conventionally heatin the Netherlands is
produced by a gas heated boiler,a common
andrelatively efficient device is a “HR ketel”.
The basic gas heated boileris depictedin
figure 18.

expansievat

O
temperatuurregeling

Figure 18 Traditional gas heating system, (Atho, sd)

Also, figure 19 indicates that5,5% of the Netherlands makes use of renewable heat sources (CBS, 2017). So the
Netherlands is heated for 95% by either districtheatingor the conventional HR kettle that is fuelled by gas.
Alternative systems like heat pumps have not penetrated the marketin asignificantway.
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Zonnewarmte
Aardwarmte
Bodemenergie
Buitenluchtwarmte

Biomassa, wv.
afvalverbrandingsinstallaties
meestoken in elektriciteitscentrales
biomassaketels voor warmte bedrijven
houtkachels huishoudens
houtskool
decentrale wkk met vaste en vl. biomassa
stortgas?®
biogas uit rioolwaterzuiveringsinstallaties
biogas, co-vergisting van mest?
overig biogas®
vloeibare biotransportbrandstoffen

Totaal hernieuwbaar
Totaal eindverbruik voor verwarming

Aandeel hernieuwbare warmte (%)

Bron: CBS.

1990

n

100

19 125
2203

1725
12 949
270
233
157
1142

19 226

1863 632

1,8

1 Tot en met 2004 onderdeel van overig biogas.

4 Inclusief indirect eindverbruik van warmte uit groen gas (biogas dat na opwaardering is geinjecteerd in aardgasnet).

1995

20 798

1 236853

1,7

2000

24153
4548
1s
2212
14 187
270
188
47s
1361

897

24 78S

1212131

2

2005

29 264
5 241

4105
15857
270
351

1306
8

30 691

1 265 269

2,4

Figure 19 Use of energy sources Netherlands, (Centraal Bureau voor de Statistiek, 2017)

2010

318
2183
536

36 648
7708
1267
5477

16 859

270
784

1258

1333

1424

40 679

1 300 649

31

2014

1128
1502
3 404
1592

46 300
11757

7558
18111
270

233
1288
2014
2724
1011

53927

1045416

5.2

2015

1137
2 448
3 634
2019

S0 179
13523

9 034
18 368
270

120s
2 300
3 065

923

59 417

1077 130

5.5

2016

1147
2843
385S
2 635

S50 541
13060

9611
18 766
270

1296
2 340
35107

700

61022

1116 651**

5.5%*

In Amsterdam 90% of the households stillusegas as primary heatsource,as illustrated in the figure below.
However, districtheatingis growingthe lastyearsin Amsterdam as well. A fluctuationingas consumptionis
visiblein the figure 20. Temperatures inthe winter are a variable which havea large effect on the gas
consumption. Therefore itis impossibleto describethe average use with a trendline.

Gas per cubic meter

Average gas consumption Amsterdam

1400 12
1200 K 10
1000
8
800
6
600
4
400
200 2
0 0

2010 2011 2012 2013 2014 2015 2016

I Gemiddeld

=== District heating %

aardgasverbruik m3

Figure 20 Average gas consumption Amsterdam, (Centraal Bureau voor de Statistiek, 2017)

4.1.2. Future heating systems
Inthe futureitis possiblethatwe are goingto switch to alternati ve methods for heating. In the followingsub-
chapter several alternatives areexplored.

District Heating
A network that provides heat is another way of heating buildings. This system makes use of existinghardware
insidethe building. Only to replace the heat element inthe oldsituationandfill thepressurevessel with warm
water.
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Districtheating was invented inthe United States of America inthe 19th century and has widelyspreadin
Europe ever since (National Research Council, 1985). An advantage of this system is thatitis not dependable
on one heatsource, instead itcan be fed with different heat sources to provide high and low temperature
heat. Heat sources for districtheatingwill bediscussedin chapter 4.1.3. A distinction between high energetic
heat and low energetic heat has been made indistrictheating. Both energetic levels can be used in different

ways.

High temperature DH

High energetic heatis commonly water with a
temperature of 90°C that is transported to a
consumer. The heat is exchanged and the cooled
water is transported backto the heat sourceto
startthe cycleagain.

High energetic heat can be a product of a waste
burning process or as by-product from industrial
processes, whichis called residual heat. |t canalso
be a by-product of electricity generating by a gas
or coal energy plant. This process is called
combined heat and power (CHP).

Water 90-95°C

Water 65-70°C

Figure 21 High temperature district heating, (Wikipedia, 2017)

Low temperature DH
Low energetic heat canform a baseloadinthe conventional boiler. Heating up the baseload has a direct
positiveinfluenceon the energy thatis needed to heat up a building.

The energy level needed for this kind of heating is upwards of 30°C. This level of heat can commonly be found
as a by-product. An exampleis the residual heatof largedatacentres. Also PV-panels can provide heatas a
baseload. This energy level opens up the potential of multiplelow energetic heat sources inan open HDN.

Isolation
Isolation mightbe an easy solution to saveenergy. Cheap isolation solutions are offered on the market to start
off with. However, the city will notbecome CO; neutral when onlythis method is applied. Still, energy is

needed to meet the demand for heatina building.

Heat source Useful heat
Compressor

Heat pumps

A technique that was discovered by R. Webber in America when he was
experimenting with his deep freezer (The Renewable Energy Hub, sd). The
outlet pipes where very hot, so he connected them with a water heater.
He later designed a system that heated the air of a whole building.
Nowadays a heat pump is considered to be highly costeffective.

Expansion vaive

Figure 22 Heatpump, (Veolia, 2017)

Infrared

Another heatingsystem is being experimented with by the Massachusetts Institute of Technology, this system
is locally warming buildings. Asystem that addresses the factthat a step in efficiency can be made by only
heating the part of the building where there are people instead of the whole building. Researchers makeuse
of local Wi-Fi signal toidentify the location of a person to turn on the infrared heating system in the ceiling
(Ekstrom, 2014). However, there is a lotof debate about the efficiency and the costof this new system. Itis
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not easy applicableto monumental buildingsin Amsterdam.

Figure 23 Infraredlocal heating (Logicor, 2017)

Solar water heater

This system makes use of the energy from the sunand itis applicableonlargeand small scalecoolingand

heating of housing. Photovoltaic panels on the roof collect energy to heat or cool a storage tank duringthe day

(Buonomano, Calise, & Palombo, 2018).

From/tothe _
solar collectors -

To/from
the b'uiklﬂngs

f L

Ab/AdCH: Absorption/Adsorption CHiller PVT,: simple glass flat-plate PhotoVoltaic/Thermal collector
AH: Auxiliary gas-fired Heater PVTiwe: low-e glass flat-plate PhotoVoltaic/Thermal collector
CPVT: Concentrating PhotoVoltaic/Thermal solar collector PV unglazed flat-plate PhotoVoltaic/Thermal collector
CT: Cooling Tower TK: storage TanK

DHW: Domestic Hot Water WCH: Water-to-water electric CHiller

P: Pump

Figure 24 Solar water heating system, (Buonomano, Calise, & Palombo, 2018)

The advantage of solar water heating is thatit can be installed uponthe roof andit cancool and heat housing.

Furthermore itcan be connected with other heating systems to form one larger complimentary system.

Therefore, itis verysuitableto adopt this systeminlarge DH networks, especially when this network is heated

by fossil fuels (Winterscheid, Dalenback, & Holler,2017).

4.1.3. Efficiency of fuel in district heating

Districtheating can be produced usingdifferent kinds of fuel. Figure 25 illustrates the emissions per fuel

alternative.
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Figure 25 Efficiency of fuel for district heating networks, (Eriksson, Finnveden, Ekvall, & Bjoérklund, 2007)

Laws

There arelaws inthe Netherlands to which an energy network has to obey. Next to the normal regulations of
spatial and subterranean planning, there are the followinglaws thatapply to DH:

e Warmtewet; itassures better protection for the consumers from a monopolistheat distributer
(Ministerievan EconomischeZaken, 2016).

e  Wijzingingsbesluitbodemenergiesystemen; itdetermines the regulations of subterranean systems
like geothermal heat. Also,itmakes a distinction between a closed system, geothermal heat, and an
open system for instance DH (RVO, 2017).

e  Mijnbouwwet: this lawrestricts geothermal heat winning deeper than 500 meters without informing
the ministry of Economic affairs (RVO,2017).

4.2 Heat distribution Amsterdam

This chapter identifies the current heat demand situation as a frame of reference for later analysis. Itis
possibleto distinguish two main ways of delivering resources for heating in Amsterdam. Gas and district
heating deliver to larger part of the energy that is used for heating.

4.2.1 Demand

Construction year

Accordingto M. Aksoezen et al, there is a non-linear relation between the construction year and energy
consumption for a building (Aksoezen, Daniel, Hassler, & Kohler,2015). Figure 26 shows that buildings from
the 19t century aremore energy efficientthan for instance 20th century buildings.

50
KWhim*

1% . . ... -’
.

. » ‘- Seey auiy
: A - -'.s Doy S S
- -~ h
100 Pt . &8 .
. .
. . A
.
50
0
o 20 0 G0 80 100 120 1%
200 In yoars
y o -DOI0NE + L4524 BONDS o rGmPrelGF Paly. [rGaPre8GF|

Figure 26 Construction yearand energy efficiency, (Aksoezen, Daniel, Hassler, & Kohler, 2015)
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This observationis importantwhen analysingthecities demand for energy. Figure 27 shows that the inner part

of the city, being the partwithin the ringroad, mostly date from 1900 until the sixties. The lightgreen and
yellow colours indicate buildings the latter named buildings years. The centre of the city, is more historicand
builtinas far backas the 14t century. This clear pattern can be recognized in more historic cities.

Building year
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Figure 27 Building year

Energy label

The energy label has been introduced in the Netherlands since 2011. Not all parcelshavebeen labelled
becauseitis only obligatorysince2012 for houses that aresold and have been builtbefore the year 2000

(RVO, 2017).

The pattern shown infigure 28 shows that neighbourhoods inthe eastslightly tend to consume more energy

which correlates with figure 27.

Energy label average per neighborhood

Figure 28 Energy labelaverage per neigborhood, (Municipality of Amsterdam, 2016)
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Some houses of housingassociations have energy labels.On average these associations own houses with
energy label D. Label D means that the energy consumption of a house is average. However, there is roomfor
improvement.

Energy label housing associations
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Figure 29 Energy label of housing associations, (CBS, 2017)

Consume per neighbourhood

The average use of gas in Amsterdam is 900m3 per building (CBS, 2017). This amount is the equivalent of 31.65
GJ, because 1 m3is0.035GJ (Gasunie, n.d.). UsingGl software the average consume per neighbourhood was
calculated. A pattern occurs withinthe ringroad of Amsterdam. Elderly buildingstend to have a higher
consumption of gas on average.

There are some interesting outliers. For instance the partinthe Markermeer uses a high amount of gas.
Furthermore inthe southern business partofthe city the average gas consumptionis also high. This correlates
with the age of the buildings.

Average consumption of gas per neighborhood
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Figure 30 average gas consumption per neighborhood, (CBS, 2017)

Large consumers
Using gas consumption data on postal code 6 (PC6) level, large consumers can be identified. The map shows
that most of the buildings in Amsterdam consume average or above average amounts of gas.
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Gas consumption PC6
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Figure 31 Gas consumptionon PC6level, (Municipality Amsterdam, 2017)

Amsterdam tries to provide housingfor every income. That is why there are housingassociationslocated
throughout the city. These associationsareregulated strictly through the Woningwet (Rijksoverheid,2017).
The buildings of these housingassociations are heated with gas. Figure32 shows the gas consumption per PC6
for the associations. Mostof the buildings consume an average amount of gas, about 900 m3 of gas.

Gas consumption housing association
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Figure 32 Gas consumption of housing associations, (Municipality Amsterdam, 2017)

4.2.2 Supply

Gas

In Amsterdam 90% of the residents use gas as fuel for their boiler. Water and the residence is heated by
burninggas.The firstgas subterraneaninfrastructurein Amsterdam was installedin 1816. This network was
introduced for gas lighted street lights. At the end of the 19" century the demand for gas grew exponentiallyin
the city due to several innovations and a peakin coal prices (Lintsen, 1993).

Nowadays the net provider Alliander is responsible for the gas and electricinfrastructurein Amsterdam. The
use of gas is anindicator of the amount of energy used for heating.

A distinctionininfrastructurecan be made between the main pipes and the distribution pipes. The difference
isinpressureand functionality of the pipes. Main pipes aresubsequent to a higher pressureand areused to
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transportlargequantities of gas on a larger distance. These pipes are located in every street. To transportgas
to the customer the main pipes are tapped by smaller distribution pipes in thestreet. Distribution pipes go all
the way into the houses of the costumer to the boiler.

The high pressuregas infrastructure of Amsterdam isillustratedin figure 33. Figure 34 shows the low pressure
gas infrastructure. Itis visiblethat most of the streets have a low pressuregas pipe present, and almostevery
buildingin Amsterdam is connected to this network.

High pressure gas network Low pressure gas network

Kilometers
01 2 4 5 8 0 1 2 4

Kilometers
8
Figure 33 High pressure gas network, (Alliander, 2017) Figure 34 Low pressure gas network, (Alliander, 2017)

District Heating

Another way of energy distributionin Amsterdam is by DH. This is done by energy company Nuon in
collaboration with other companies. Accordingto the municipality of Amsterdam the two main heat sources,
inthe north west and south east of the city, are ableto deliver heat to 325.000 housing equivalents (HE)
(Municipality of Amsterdam, 2016).

Figure 35 shows a remarkable pattern throughout the city. The infrastructurefor DH is located around the city
centre outside of the ringroad. Amsterdam has been build up from the centre outwards over years. Therefore,
buildings intheinner part are on average older than on the outside of the city, this is demonstrated in colour
infigure 36.

Building year HDN and building year Amsterdam
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012 4 6 8 01 2 4 B 8

Figure 35 District heating network, (Nuon,2018) Figure 36 District heating network and age of buildings

Heat sources

Supply of heat is not dependent on only one kind of heat source. As explainedinthe previous chapter, heat
canbe delivered by more than one process. Excess heat from for instanceenergy plants and waste
incinerators arecommon and popular heat sources in the Netherlands. They generate high energetic heat as
residual product.
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On national level potential heatsources have been identified in Amsterdam, illustratedinfigure 37 with a star.
Inthe north the harbour with its chemistry plants,inthe eastthe hospital alongwith the energy plantandin
the south the airport.
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Figure 37 Heatsourcesin Amsterdam

However, these examples areonlyidentified by the net provider. Low energetic and smaller heatsources are
not taken into account. Heat sources likelarge boilers from hospital s or roof mounted PV-panels are alsoable
to deliver a baseload of heat.

Also geothermal heat can be exploited in Amsterdam. As shownin figure38 the western partis more suited
accordingto the university of Delft (Municpality of Amsterdam, n.d.).

* Potentie Geothermie
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0,48
036
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012
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Figure 38 Geothermal heatin Amsterdam, (Municipality Amsterdam, 2017)

A HDN canalso potentially befed by heat form photovoltaic panels on rooftops. The system can be connected
to the open network, for instanceto deliver heat to the neighbour. Data about rooftops are freely availablein
the Netherlands. Companies make maps of the potential for PV-panels, likefigure 39, shows this potential. Itis
clear that the potential is very highin Amsterdam, accordingto this source. Almost every buildingin
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Amsterdam isina way suited for PV-panels. However, this figure may be exaggerated because and the tool
does not take into accountinstalled pv-panels or limiting factors on the roofs.

Potential for photocoltaic panels
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Figure 39 Potential of pv-panelsinamsterdam, (Zonatlas Amsterdam, 2017)

There is alsodata availableaboutthe amount of installed PV-panels. All these dots are installed PV-panels
either owned by housingassociationsor private persons. Figure40 shows that there are already some PV-
panelsinstalled. However, itdoesn’t fulfil the potential of the city. Figure 41 shows the amount of 28 locations
with installed PV-panels owned by housing associations.

Figure 40 Installed PV-panels, (Municpality of Amsterdam,n.d.) Figure 41 PV-panels on housing associations, (Municpality of
Amsterdam, n.d.)

Cooling sources

The city of Amsterdam is builton clayand has a closerelationship with water. Commerce started with trade
over the main water bodies. Ships brought goods from the North Sea into Amsterdam. Nowadays these waters
canprovidecooling water for the city. Because DH is also ableto provide cooling for the residents during the
summer or forindustrial purposes.The Nieuwe Meer is a lakethat is already used by energy company Nuon
for cooling water.
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Figure 42 Couling sources

Heat storage
Heat canalsobestored at larger facilities likethe boilers of the city hall. The heat can be tapped during peak
consumer moments inthe morningfor instance.
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Figure 43 Heat storage

4.3 Future heat distribution Rivierenbuurt
This chapter will focus upon the potential of DH inthe Rivierenbuurt. Constructinga costroute map and
calculating costand benefit for the neighbourhood.

When lookingatthe demand for gas atpostal code 4 level in Amsterdam there are some neighbourhoods that
use more energy than others. The centre uses more energy than other parts of the city. This research will focus
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on the neighbourhood the Rivierenbuurt located inthe southern part of the city because ituses more energy
than other neighbourhoods.

Gas Demand Amsterdam PC4
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Figure 44 Gasdemandon neigbourhood level

4.3.1 Benefits

CO>

One m3 of gas emits 1,8 kg CO2 (Wageningen UR Livestock, 2007). The current gas network in Amsterdam had
527.864 houses in 2012 which consume on average 900 m3 gas per year. One tenth of the buildings usedistrict
heating, sothe rest of the buildings emitapproximately 403.815.960 m3 of CO2 annually. Which amounts to

€ 5,088,081.10 EUR a year for the whole city. For the Rivierenbuurtwith 15.525 houses the benefits amounts
to €166,272.75 a year (Municipality of Amsterdam South, 2014).

PMio

The particulate matter pollution of DH is considered to be null, becausethe system uses residual heat.
Accordingto the data set: “Amsterdam IRC Residential Gas Emissions per Dwelling” the average PM10
pollutionis 0.003 Mm3/mg (ClairCity, 2017).

Next to PM10 the combustion of gas produces NOy as residual product. According to CBS 75% of the
households use HR-kettle in 2008. Unfortunately there are no up-to-date numbers about the installed amount
of HR-kettles in Amsterdam, therefore we assumethat the amount has risento 100% (SenterNovem, 2009).
There are different ways of burning gas, the most efficient way is with a premixed burner. This system only
emits 70 [mg/Nm?3] of NOy (Roeterdink & Kroon, 2010).Still the NOx pollution of gas in the Rivierenbuurt is
92373.75 ton NOy a year.

Unfortunately both kinds of pollutions cannotbe expressed in monetary funds. However, this does not mean it
could benefit public health and therefore save money on health insuranceinthelong term.

4.3.2 Cost

As explainedinthe methodology the costrasteris constructed on which further analysiscan bedone. The
costraster has been constructed on the BGT and the BAG which results infigure 45. When the figureis
inspected closely the larger streets stand out with a high value. This can be explained by the weight that has
been given inthe model. Larger streets that have been asphalted are more expensive to break open for the
construction than smaller streets consisting of tiles.
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Because the raster sizeis 0,5m the values inthe legend are halfthe pricethatis giveninthe methode.
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Figure 45 Costraster created by model

The local loop thatbrings the energy or heat to the houses is constructedinfigure 46. There isnotalarge
notable difference in the calculated subnet and the current gas network. The connections between housing
blocks aresometimes located a bit further up the road. Alargeoutlieris the difference inthe source. The
sourcethat has been used for the calculated subnetis located atthe Berlagebridge, in the eastof the research
area, where the gas sourceis located 200 meters to the south.

Calculated Subnet HDN i Current Gas distribution Network i

—— s bunenet girerbut
—— a03simplify

e — — lometers
0 0102 04 05 08 0 0102 04 06 (L]

Figure 46 Calculatedsubnet districtheating Figure 47 Currentgas distribution network

There is a difference between the subnet and the distribution network. The subnet connects the house to the
heat network. Where the distribution network arethe larger pipes that transportthe heat through the
neighbourhood. These figures do not differ significantly becausethe gas network has been constructed
efficiently as well.
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Table 3 has been calculated usingstatistictools in GIS. The sum of the costis very high, however when the cost
areannualizeditis more manageable with €4,6 million a year.

Total Cost Length Cost per meter Annualized cost total

€ 64,661,604.37 63662.18 m £ 1,015.70 € 4,598,189.08
Table 3 Calculated costtable

To check whether the estimated total costis realistic theresearch used Alliander’s internal rules of thumb for
constructing heat distribution networks inrural areas. Constructinga distribution network for 2500 buildings
costs around €10 million (Liandon, 2018).Sincethe Rivierenbuurthas six times more houses to connect, the
pricerises to €60 million. Moreor less near the estimated costby the model.

Figure 48is arepresentation of the subnet aligned with the distribution network in order to inheritdata from
the gas network. With the colours the ages areillustrated. The as infrastructure has been categorized on
upcoming renovations (Akkerman, 2018). Every so many years gas pipes haveto be replaced. With the colours
red and yellowthe oncoming renovationis illustrated. This is importantwhen constructinga new network,
because a hole needs to be dug when renovating the network. This is expensive, soifa HDN pipe can be
installedinthe same hole a lot of expenses could be avoided. This map is especially interesting for the
construction planners atAlliander.
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Figure 48 Calculated subnet and upcomming replacements of gas network

Inorder to come to a good estimate about the demand per pipe segment, a model has been constructed using
hydrological tools in GIS. The stream order map is a result of the Shreve algorithm where the watershed
streams are ordered. And the demand per linemap is a resultof anaccumulation functionin GIS.

Difference in the calculated pipelineroutes from the subnet can be explainedin the difference intooling.
There are some gaps thatinthe routing that are still inexplicable. However, the map canstill beused to
illustrated the demand pressureon the pipes. The pipes that have the most demand, illustratedinred, are
more closeto the source. Which can be explained by the accumulation of demand from the watersheds. With
data about demand per household this function can be used to determine the distribution cost.
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4.4 Cost and demand scenario’s

Inthis chapter different scenariosareconstructed to test the model andto test the calculated cost. The point

dataset is decreased by 50% inscenarioAand inscenarioBby 25% usingthe subnet feature tool. Scenario Cis
the realisticscenario usedinthe previous chapter.
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Figure 51 Cost raster & demand points A Figure 52 Cost raster & demand points B Figure 53 Costraster & demand points C

To compare the different scenario’s itis especially interestingto look at the constructed subnet. The figures

below is anillustration of these scenario’s. Thetrend which can be seen is the amount of detail.Scenario Aand
B have less detail than scenario Cbecausethere areless points to connect towards.
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Figure 54 Calculatedsubnet A Figure 55 Calculatedsubnet B Figure 56 Calculatedsubnet C
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The cost and length of the different scenarios havebeen plotted intable 4. Looking at the total costof the
three different scenario’s anincreasecan be noted. However when lookingatscenariobandc, the decrease of
25% of the points does not translateto the same decrease in cost. Less connections towards the houses have
to be constructed inscenario Aand B hence the absolutedecrease in cost. However, the distribution netstill
has to be constructed. When the costare extrapolated linearlyto 1%, according to the model, there should be
a certain amount of fixed cost.

Calculated cost

€ 70,000,000.00 70000
€ 60,000,000.00 60000
€ 50,000,000.00 50000
w €40,000,000.00 40000
‘g mmmm SUM_TotalCost
o . —
€ 30,000,000.00 30000 SUM_Shape_Length
€ 20,000,000.00 20000 Linear (SUM_TotalCost)
€ 10,000,000.00 10000
€- 0
A B C
Scenario

Table 4 Calculated costand length per scenario

Howeverwhenacloserlookistaken at the cost per meterinthe three scenarios anon-linear
relation can be noted. This could have to do with the fact that the distribution netisalreadyin place,
and an extra house connection would use the existing network. An interesting effect that could be
optimized by network providers.

Cost per meter
€1,017.00 -
€1,016.50 -+
€1,016.00 -
€1,015.50 A
€1,015.00 - cost per meter

€1,014.50 - — Poly. (cost per meter)
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Figure 57 cost per meter
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5.Conclusion

On the outset of this research the objectivewas; develop a model that finds the optimal location for district
heating and calculates the social cost and benefits, at street level in a research area. This has been done by
assessingthealternative methods of heat transportationand calculating costs and benefits of districtheating
for the Rivierenbuurt. Four research questions were formulated in order to solvethe main objective.

The firstresearch question focussed on future heating systems, in which different competitors of district
heating were addressed. Costand environmental impact were weight for each of the competitors. One of the
biggest competitors is isolation.tis cheapanditis ableto savea lot of heat loss in buildings. However, gas is
still used for heatingand that does not strike with the vision of the municipality. Heat pumps and solar wa ter
heating are also good alternatives. High initial costs, of these alternatives, for civilians prevented a large
market penetration of these competitors. The advantageof districtheatingis thefact thatit canuse excess
heat and distributeitto the demand areas.However, italsobares a highinitial cost. Not for the civilians
themselves, but the investment costare done by net provider Alliander. Becausethis companyis ableto do
this kind of investment with the way payment is done every year, the alternativecan be a good alternativefor
future heating systemina builtup areas.

The second research question studied the way in which heat was disseminated in the present. Demand for
heat is notequal throughout the city. It has shownthat older buildings tend to be less efficient with energy
than newer buildings and thathousingassociationscould savea lotof energy. The way in which the heatis
disseminatedis through a largesubterranean gas network and a small percentage of the outer parts of the city
makes use of districtheating. Furthermore, the potential of energy sources, high as well as low energetic, is
present. This is canform the basis of a 4t generation open district heating network.

The third research question was about the heat distributionin the future. A costand benefit analysiswas done
with GIS tooling. The benefits were calculated to be €166,272.75. With a total costamounting to €65 millionin
total for one neighbourhood. The cost were annualized which amounted to €4,5million every year therefore
the benefits did not weigh up againstthe cost.

The fourth and final question was to test the robustness of the model. Three different scenarios weretested
on the model. Interesting is the cost and length of the pipes. There is a threshold value when constructinga
HDN. Alsowith a decrease of 25% of the points the cost did not decrease with the same amount. This has to
do with the maininfrastructurethat has to be constructed nevertheless.

After all theresearch question the conclusionis thatthe cost do not weigh up againstthe benefits of district
heating. When comparingthe costof the model andthe cost predicted by the net provider Alliander itself
there is no bigdifference between them which validates the model. Ifthe cost areprojected for other
neighbourhoods, or the whole city, the cost will mostlikely notweigh up againstthe benefits.

However, as stated inthe introduction, the worldis inevitably changingdueto climatechange. The initial
investment costs arehigh, but the mitigation costof climatechange and the health costas a resultof pollution
inthe long run are far greater. If the country decides to invest substantially, the question of cost benefits will
change into costoptimisation. The government is capableto force investments inalternative energy sources
by larger parties such as housingassociations through alteringlaws. The costs for a new connection drop
radically with new infrastructurealreadyin place. Also, expertiseon energy efficiency creates jobs andit could
become anexport product, these benefits are not taken intoaccountinthis research but they canbe
significantinthelarger picture.

Application of districtheating on small scalein combination with forinstancesolar heatingmightbe an even
better solutiononlocations where Alliander needs to renovate the gas network. Usinga data driven model for
estimatingthe cost of districtheating can help future planners to decide on the best solution. If we don’t react
to the signs of climate change, we might be too late and we have to deal with the consequences. For a country
that lives beneath sea level and strives to be innovative, this is a chanceto take the lead and show how old
European cities can changeand become a healthier place. Therefore, districtheating must be considered by
the municipality of Amsterdam.
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6. Discussion

The discussionissplitintoaninternal and an external part. Where the internal partdiscussesthe method and
the results. And the external part the discussion reviews the academical context of the research.

Internal discussion

The research has shown some interesting results. The GIS model granted an insightinto the costs in different
scenarios and calculated the ideal route, which was not far of from the existing network. However the benefits
did not weigh up againstthe cost in this research. However, as explainedinthe conclusion,this alternative
should not be written of directly by policy makers.

Unfortunately, the researchis notinclusive enoughto have touched every alternative heating system and to
compare all the costand benefits of the best alternatives. If the net provider or government foresees other
trends in the future, the results may be drastically different. Also, when parameters such as costper meter or
pricefor CO2 change, the results may alter. Furthermore, not all the benefits such as health could be
expressed monetary, this has a negative effect on the results.

When a closer lookis taken at the model itis possibleto find weak spots. A buffer hadto be constructed
aroundthe houses inorder to create a singlepolyline. Despite tooling that should simplify the resulting
polyline, there aresome places where the lineis interwoven. Also, we see that a street is crossed more than
once within 50 meters. These kind of imperfections should be edited by hand to make the model more exact.

Additionally, themodel only calculated the cost for the Rivierenbuurt. This does not yield enough empirical

proof that the model is statistically solid. Adding to that, the factthat multiple heat sources is nottaken into
accountinthe model, which may distortthe results as well. Therefore further research needs to be done on
more neighbourhoods to prove the robustness of the model. Forinstance, the model should be subjectto a

largenumber of test on neighbourhoods inrural and builtup areas.

Infact, the model should be seen as a proof of concept. Itis possibleto plana new network on street |level
using GIS tooling. Factors like politics, heatloss, roots of trees and the dynamics of an open head distribution
network are not taken into account. Therefore, resultingcosts should notbe taken to literally, becauseinthe
real world there are more factors that have an effect on the construction and maintenance of a heat
distribution network.

External discussion

The external discussionlooks atthe research from a wider academic and societal perspective. When
comparingthis research to others itis possibleto find similarities as well as differences. Lookingat the
researchina broader perspective namely energy transition, the trend is to reach 100% change to renewable
energy sources. However, as stated by Lund and Mathiesen, countries do have to make choices when they
want to solelyrelyonrenewable energy (Lund & Mathiesen, 2009). Which may mean that gas will still bethere
the coming years. This is not denied by this research, only the cost benefit analysisand the model canhelp in
speeding up the transitional phase.

Inthe research area of energy transitions, moststudies focus on the theoretical partand calculationson
electricity production and consumptionin general. Large studies on the efficiency of competing energy
solutions areperformed in detail. However most of the literaturestudies a certain objectina laboratory,
whichare not always applicablein this research.

However, a similar approach todistrictheating has been performed by (Nielsen & Méller,2013). Studies that
use GIS data are performed usinglargestudy areas. Their approachis ona more macro level, as they lookat
interconnecting cities on national scale. An example of a study that alsolooks atthe cost and benefits,
however itdoes this from an economic point of view and due to its scaleitlacks detail which may effect cost
and benefit estimations.

Combining multipledatasets ina largeand compact city, on this precisescaleis new for calculating the
potential of districtheating. Also, the model of this researchis responsiveto new input so policymakers can
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interactwith different projections of contractors and new regulations. Moreover, this model can be adjusted
from micro energy network analysis to macro energy network analysis. Also, extra subterranean data can be
added to providean even more exact costindication.

A shortcomingin this researchis the lack of hydrodynamics and costdifferentiation. Where Nielsenand Méller
do succeed inthe differentiation of costfactors such as heat loss, this research did not. Hydrodynamics do play
alargeroleinthe construction of district heating networks. I1fthe model is to be perfected, factors like heat
loss should betaken into account. A suggestion for an economic feasibility study would be, to develop the
stream methodology and implement a heat loss and a subterranean parameter whichresults in a better
estimation of the total costand benefits.

As discussedinthe lastpartof the discussion theenergy market is changing, and accordingto the Kyoto
protocol we, as mankind, must change our behaviour (United Nations,2014). This research has triedto helpin
the discussionaround district heating. Accordingto the PBL we candistributevastamounts of heating through
districtheating (Planbureau voor de leefomgeving , 2017). However, this research shows thatitis expensiveto
install districtheating. In order to speed up the transitional phaseinwhich our society finds itself, it might be
helpful to create an oversight of all smallscalesolutions, which enables policy makers to substantiates their
choicefor a solution.
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