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Abstract

Integrating large capacities of intermittent renewable energy sources (iRES) poses significant
challengesin the path towards decarbonization. Increased flexibility of the power system is often
coined as a solution tothe integration problem but remains an ambiguous concept that is often only
sought afterinthe electricity sector. This thesis follows a more holistic view towards this problemand
exploresthe potential of coupling the electricity sector with the heating sector inlocal energy systems
for increased flexibility. A PLEXOS model has been developed to assess the potential benefits of
electricity-heat coupling for decarbonization.

The PLEXOS model includes one dense urban neighborhood with residential electricity and heating
demand profiles forthe year 2016 and fourtechnological heatingscenario’s. The performance of each
scenario is assessed using indicators for energy consumption, CO, emissions, flexibility (measured as
self-consumption and peak flow and demand), and costs (investment and operation). These scenarios
include a reference scenario with condensing gas boilers, a centralized heating scenario with CHP
powered district heating, an electrification scenario using heat pumps, and an advanced gas heating
scenario usingmCHP’s. Variationsin PV capacity ranging from current penetration levels to ashare of
25% and 50% of households serve to establish the baseline flexibility in each scenario. Further
variations with thermal storage on a district level combined with a large-scale heat pump, electric
battery storage, flexible feed-in tariffs and flexible electricity pricing are explored to assess their
effects.

The results show reductionsin emissions and signs of increased flexibility in all alternative scenarios.
While electrification and mCHP’s increase self-consumption the most, the peak electrical flow a least
triples in these simulations. Adding electrical energy storage to each scenario further improves self-
consumption, and the effect of flexible electricity pricesonly reduces costs in scenarios equippedwith
a heat pump. The potential benefits of electricity-heat coupling on alocal level noteworthy but remain
modest.
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1. Introduction

Inthe pursuittowards a decarbonized power system, PVand wind power are expectedto become two
of the most prevalent sources of renewable energy in the coming decades now theirinvestment costs
are increasingly competitive with fossil energy sources. While the penetration of these intermittent
renewable energy sources (iRES) increases, the unpredictability of their generation becomes more of
challenge for their integration into power systems. Traditional measures for flexibility will be unable
to maintainreliable operation above aniRES share of roughly 20% in overall electricity consumption.
Curtailment of iRESisthen needed during low demand periods to prevent grid outage and congestion
(European Commission, 2015).

Increasing flexibility in these systems is oftentouted as a solution to the integration problem. However,
inthe absence of a single and concise definition of the concept of flexibility, its precise meaning often
needs to be derived from the context of its application. In general, flexibility relates to the extent to
which a power system can maintain reliable operation under rapid changes in supply or demand.
Traditionallyitis provided by reserves with varying ramping rates that either provide additional power
generation and/or reducing the system load, or by reducing power generation and/or increasing
system load (ECOFYS, 2014). New sources of flexibility are essential to solving the integration problem
in pursuit of decarbonization.

Different opportunities and solutions are identified and developed to increase flexibility and allow a
higher integration of iRES. Many of these remain close to the origin of the integration problem and
focus on the power sector for increased flexibility. A perspective that is gaining popularity suggests
that the majority of the required flexibility can actually be offered by the inherent capabilities of the
energy systemitself. ltacknowledges that electricity is only part of the total energy demand, and shows
that valuable integration opportunities can be found in other energy sectors (Lund, Lindgren, Mikkola,
& Salpakari, 2015). The importance of taking such a holistic, whole-energy system perspective when
planning for decarbonization is gaining recognition and signifies that a true decarbonized energy
system not only features a decarbonized electricity sector, but a decarbonized heating, cooling and
transport sector too (Mancarella, Andersson, Pecas-Lopes, & Bell, 2016).

Research has shown that merging the individual energy sectors, allowing multiple energy sources to
interact with each other, offers significant opportunities for the integration of large amounts of iRES
and is economically feasible (Capuder & Mancarella, 2014; Mathiesen et al., 2015). The EnergyPLAN
model has been used to show that a combination of combined heat and power (CHP) plants, heat
pumps and power to gas technologies can couple the electricity, heating and transport sectors on a
national scale and result in energy savings and increased flexibility (Mathiesen et al., 2015). The
concept of multi-energy systems (MES) aims to identify how individual sectors can be merged using
(distributed) multi-generation technologies and how their collective performance can be improved
(Mancarella et al., 2016). In this respect, different combinations of boilers, CHPs, thermal storage
and/orelectrical heat pumps have been studied fortheir operation on a district scale. Compared with
traditional flexibility options, flexible and combined operation of these technologies offers significant
benefitsinterms of cost, primary energy demand and emissions (Capuder & Mancarella, 2014).

Simultaneously, the importance of the municipallevelisincreasingly recognized in realizing integrated
energy approaches (Mirakyan & De Guio, 2013). Considering that cities were responsible for 30% to
40% of global anthropogenic GHG emissionsin 2004 (Satterthwaite, Satterthwaite, Haughton, Budds,
& Dodman, 2008) local dimensions can have a key role in addressing the challenges towards
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decarbonization and are highlighted fortheir potential toimplement solutions (Pasimeni etal., 2014).
However, most research related to coupling electricity and heating is limited to the impacts of heat
pumpson system planning and the integration of district heating systems, often in combination with
thermal storage (Heinen, Burke, & O’Malley, 2016).

While different combinations of coupling technologies have been assessed in terms of costs and
emissionreductionson adistrictlevel, the interactions betweenthe technologies itself and the extent
to which they can offer flexibility on a local scale remain unclear. The effects of and interactions
between different types of (distributed) electricity-heat coupling technologiesin a local (city) energy
system and their benefits for decarbonization are not adequately assessed.

The size, complexity and dynamics of energy systems impede intuitive predictions as onlyone incorrect
decision, e.g. an undersized transmission line capacity, can have significant negative consequences
(Mancarella et al., 2016). Hence, models are widely used and developed to make informed choices
about innovationsinthe energy system. Even though such assessmenttools forenergy planning and
operation are readily available, the holisticapproach outlined above is seldom incorporated.

The integrated energy modelling tool PLEXOS! is currently used for research using power system
modeling at Utrecht University. However, the focus of this research lies on the power sector, omitting
the potential benefits from coupling other energy sectors. [although, gasis availableand heat on large
scale with CHP plants]. Understanding how PLEXOS can be used to research coupling of the electricity
and heatingsectorsonalocal scale and if itisa suitable modelforfuture research on this topicis part
of thisresearch.

While the importance of local energy planning is increasing, the potential benefits of coupling the
electricity and heating sectors remain uncertain. Therefore, this research aims to develop a PLEXOS
model that can capture interactions of a local energy system that has characteristics of a MES.
Specifically, MES interactions that result from coupling the electricity and heating sector and their
effects onflexibility asiRES integration will be afocusin this research. The research questions are:

Main research question:

e Whatare the potential benefits of electricity-heat coupling in local energy systems?

Sub research questions:

e Whattype of local interactions are possible between the electricity and heating sector?

e How can local electricity-heat sector coupling be modeled in PLEXOS?

e Howdo different coupling portfolios perform technically and economically ?

e To whatextent can electricity-heat coupling increase flexibility and aid decarbonization through
increased iRES integration?

In this research, we seek to answer these questions by focusing on a densely-populated dity
neighborhood from Utrecht as a research case. PLEXOS is used to represent the research case as a
local energy systemto study the coupling of electricity- and heat demand. Residential electricity and
heating demand profiles are created to be representative for the year 2016. The used residential
electricity and heating demand profiles and energy conversion technology portfolios allow simulations
for a full year at hourly resolution and enables PLEXOS to fulfill current energy consumption levels
underdifferenttechnological scenarios.

L PLEXOS integrated energy model. Developed by Energy Exemplar (https://energyexemplar.com/software
/plexos-desktop-edition/).
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2. Method

The primary objective of this research isto assess the potential benefits of coupling the electricityand
heating demand in local energy systems and its contribution to decarbonization by constructing a
model in PLEXOS. This requires the construction of a local energy systemin PLEXQOS, and technology
portfolios capable of electricity-heat coupling. Based on this, the method of this research consists of 7
parts as showninFigure 1:

1. Create electricityand heating demand profiles for neighborhood
2. Define energy conversiontechnology scenarios
3. Collecttechno-economicparametersfor relevanttechnology portfolios
4. Constructthe neighborhood modelin PLEXOS
5. Defineindicatorsforoverall system performanceand flexibility
6. Analyze simulation results
7. Perform sensitivity analysis
1. Neighborhood Demand 3. Techno-economic 2. Develop Scenarios
Profiles Parameters
A
A 4
4. Build PLEXOS Model
\4
5. Indicators .| 6. Analyze Simulation | 7.SensitivityAnalysis
Results g

Figure 1 - Method Outline

The PLEXOS model lies at the core of the method and offers aflexibletoolto research different heating
scenarios. The model matches the hourly demand for electricity and heating of a Dutch residential
neighborhood with the dispatch of energy technologies. Techno-economic parameters for heat and
electricity generation and conversion technologies including gas boilers, district heating, heat pumps,
micro CHP, and electrical and thermal storage, are used. Then, four heating scenarios are developed,
reflecting possible future developments in the heating sector. With these inputs, the PLEXOS model
runs simulations in which it matches dispatch with the demand for heat and electricity in every hour
of the simulation year. A select number of parameters from the simulation results are used as
indicators to quantify the performance of the local energy system in terms of fuel consumption,
emissions, costs and flexibility. A flexible electricity price is added to the simulations as a means to
assess the sensitivity of the results

2.1. Energy Demand Profiles

Table 1 are used to construct the demand profiles for PLEXOS and to determine the technology
capacities Section 2.3. Wilhelminapark en omstreken is a densely populated residential neighborhood
in Utrecht. Compared to the Utrecht average for the year 2016, the annual electricity and gas
consumption of 2576 kWh and 985 m3 per household lies 8% and 6% higher respectively. The
household composition (single, no kids, kids) lies within 1% of the average neighborhood in Utrecht.
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The above average consumption can likely be attributed to the assumption that their insulation is
below average due to the relatively old building stock.

Table 1 — CBS Neighborhood Statistics for 2016 (CBS, n.d.)

W ilhelminapark en omstreken
Number of residents 2625
Number of households 1320
Average residents per household 2,0
Population density [residents / km?2] 5344
PV capacity (2014) [MW]2 0.082
Share of District Heating (2015) 38%
Residential Electricity Consumption [GWh/yr] 3,4
Residential Gas Consumption [106 m3/yr] 1,3

aTotal PV capacity in Utrecht of 9 MWp allocated to individual neighborhoods based on their share of total residential
electricity consumption (Gemeente Utrecht, 2015).

The neighborhood in our PLEXOS model requires demand profiles that specify its electricity and
heatingdemand forevery hour of the year. Thisisimportant as demand is affected by time of day, the
day of the week and by the seasons. Furthermore, the profile differs per consumerso it is important
to make a clear distinction between consumer types. In our research, we focus on residential
consumersonly.

The demand profiles of our neighborhood are based on two parts, hourly residentialenergy demand
measurements and annual energy consumption statics from the research case neighborhood (
Table 1). This allows us to construct neighborhood profiles that reflect real-world consumption

patternsforour research case. The outline in Figure 2shows the stepsin this process.

Electricity Consumption Data Gas Consumption Data
\ 4 A 4
Hourly Demand Fractions Hourly Demand Fractions
\ 4 \ 4
. . P Neighborhood - .
Electricity Demand Profile . Gas Demand Profile
Consumption Data

Figure 2 - Outline of demand profile construction

Following the approach outlined above, we start with extracting residential hourly demand fractions
(fn) from electricity and gas consumption data (Liander, 2017)? using Equation 1a and 1b, where dj, is

2 The residential electricity and gas consumption measurements are from Liander (Liander, 2017). The electridty
consumption measurements are available for the year 2008 for consumers with at most a 3x25 Ampere connection, whichis
typical for households. The gas consumption measurements are available for the year 2009 for consumers with an annual
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the reported consumption in MWh during hour h and D is the total annual consumption of the
measurements. The subscripts e and g refer to electricity and heat respectively. Gas consumption is
used as a proxy for the heating demand as in the Netherlands heating is almost exclusively supplied
using natural gas.

de,h

fen = D, Eq. la

dgn
fan =" /Dy

Hourlydemandfractions: f;, Eq. 1b
Hourly consumption: dj,
Annual consumption: D

We use the hourly demandfractions fromEquationlaand 1b to create electrical-and heating demand
profilesfor our neighborhood by multiplying the hourly fractions with the annual electricity and heat
consumption of the neighborhood as in Equation 2a and 2b. The resulting neighborhood demand
profile with annual demand values in MW can be imported into PLEXOS. The neighborhood demand
profile forourmodelis based onthe datain Table 1.Error! Reference source notfound.

APen = fen * Den Eq. 2a

Adpenn = fgn * Dgn Eq. 2b

Demand profile: dpy,
Hourlydemandfractions: f,
Annual consumption from research case neighborhood: Dy

The group size from which the measurements are taken should be large enough, as a profile from a
single consumer doesnotaccountforthe temporal differencesindemandinlarger groups that smooth
the profile. The group sizes of our consumption data are in the thousands, whichisenough to ensure
a smoothed profile (DNV GL, 2017a). The created demand profiles used in the simulations are
presentedin Figure 3to Figure 6 below.

consumption upto 5000 m3 of natural gas and are temperature corrected based on an average temperature profile ofthe 20
years priorto the measurements2. Boththe electricity and gas measurements are based ona group of 10000 consumers.

10



Maarten Sosef MSc Thesis Energy Science

Neighborhood Electricity Demand Profile
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Figure 3 - Hourly electricity demand profile for the PLEXOS neighborhood for the full simulation year.

Detailed Neighborhood Electricity Demand Profile

Electricity demand [MW]

0,00

January s April

July e October

Figure 4 - Hourly electricity demand profile for the PLEXOS neighborhood. Series 1 to 4 stand forr the first week of January,
April, July and October. Showing seasonal differences in demand.
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Neighborhood Heat Demand Profile
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Figure 5 - Hourly heat demand profile for the PLEXOS neighborhood for the full simulation year.

Detailed Neighborhood Heat Demand Profile

Gas Demand [MW]

Figure 6 - Hourly heat demand profile for the PLEXOS neighborhood. Series 1 to 4 stand for the first week of January, April,
July and October for the first week of January, April, July and October. Showing seasonal differences in demand.
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2.2. Define scenarios
Due to uncertainty in the future developments of the heating sector, we model several scenarios to
look at how different developments in the heating sector could influence the prospects for heat-
electricity sector coupling. Each of these scenarios represents an extreme situation in which one
heatingtechnologyis appliedtoall the householdsinthe neighborhood. The following scenarios and
core developments are used:

e a reference scenario, assuming business as usual where condensinggas boilers remain the
dominant heatingtechnology. Coupling between electricity and heatis not present.

e a district heating scenario with a high reliance on centralized heating using CHP-powered
district heatingand neighborhood-levelthermal energy storage. Coupling between electricity
and heat, existsinthe CHP plantinthe form of gas, to electricity and heat, and when combined
with thermals storage and a heat pump inthe form of electricity to heat.

e an electrification scenario with a high reliance on electrical heating using residential heat
pumps. Coupling between electricity and heatin the form of electricity to heat.

e amicro-CHP scenariowith ahigh reliance on advancedgas heating using micro CHPs. Coupling
between electricity and heat take place in the form of gas to electricity and heat.

Table 2 shows the scenarios and the technologies shares used inthe PLEXOS model.

Table 2 — Simulation Scenarios

Scenario Core Main Heating Heating Technology Shares

Development Technology Gas DH HP mCHP
Boiler

(REF) Businessasusual |Condensinggasboilers |100% |0% 0% 0%

Reference

(DH) District | Centralized CHP drivendistrict 0% 100% | 0% 0%

Heating heating heating network

(ELEC) Electrical heating |[Residential heatpumps [0% 0% 100% | 0%

Electrification

(mCHP) Micro | Advanced gas Residential micro CHP 0% 0% 0% 100%

CHP heating

Certain variations on these scenarios are selected to simulate promising combinations or likely
developmentsin PV penetration levels3, thermal energy storage (TES), electrical energy storage (EES),
feed-in tariffs and energy pricing. The following variations can be added to the base scenarios from
Table 2:

- CurrentPV Penetration: Current PV penetration from the research case is used to determine total
PV capacity (see Table 1).

- Medium PV Penetration: 25% of households are equipped with a PV system.

- High PV Penetration: 50% of households are equipped with a PV system.

- TES HeatPump (TESHP): A district scale heat pump is connected to the TES in the district heating
network.

3 PV penetration levels arecalculated as the % of households equipped with a PV system.

13
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- Electrical Energy Storage (EES): 10% of the households are equipped withelectrical batterystorage
(total storage capacity: 924 kWh).

- Flexible Feed-in Tariff (FFIT): A flexible- instead of a flat feed-in tariff is used to sell excess
residential PV and mCHP electricity generation back to the grid. The tariffis based on hourly spot
prices.See section 2.3.2for more information.

- Flexible Electricity Price (FEP): Hourly- instead of a flat electricity prices are usedbased on APX spot
prices. See section 2.3.2for more information.

The variations in PV penetration levels serve to establish the baseline flexibility under the different
heatingtechnologiesfor each scenario. For simulations #1-3, #4-6, #9-11 and #14-16, variations with
the current, medium and high PV penetration levels are simulated for each base scenario.

These base line simulations are further expanded upon in simulations #7, #12 and #17 featuring an
appropriate form of storage combined with a flexible feed-in tariff (FFIT) to simulate a more dynamic
incentive for utilizing storage. Inthe DHscenario thermal energy storage is provided by TES and in the
ELEC and mCHP scenario electrical energy storageis providedby householdbatteries (EES) to allow for
shifting in demand and generation. As a sensitivity analysis, the storage simulations are further
expanded uponwithflexible electricity pricing (FEP) in simulation #8, #13 and #18 to furtherincentivize
dynamicstorage.

Combining the base scenarios with different variations results in 18 different simulations. These are
shownin Table 3. The storage and sensitivity simulations are all simulatedin PLEXOS with a MT planin
additiontothe ST plan. See Section 2.4 for more information.

Table 3 - Simulations and selected scenario variations:

Baseline Storage Sensitivity
Simulation | Scenario | Low PV | Mediu High TES | EES | FlexFeed-In | Flex Energy
m PV PV + HP Tariff (FFIT) Price (FEP)
#1 REF X
#2 REF X
#3 REF X
H4 DH X
#5 DH X
#6 DH
#7 DH X X X
#8 DH X X X X
#9 ELEC X
#10 ELEC X
#11 ELEC
#12 ELEC X X X
#13 ELEC X X X X
#14 mCHP X
#15 mCHP X
#16 mCHP
#17 mCHP X X X
#18 mCHP X X X X

14
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2.3.

technologies

Techno-economic parameters for generation and conversion

2.3.1. Main Technologies
To model the energy generation and conversion technologies described in 2.1, we need data about
their techno-economic characteristics. For generators, these data include the fuel type, maximum
capacity and efficiency. The investment and maintenance costs are also needed to calculate the total
costs of each scenario.

Table 4 shows an overview of the modeled technologies and their techno-economic parameters that
will be usedto construct the PLEXOS model.

Table 4 - Techno-economic parameters for generation and storage technologies

Heating Technologies

. . Total Efficiency o UnitPrice
Delivered Unit . UnitPrice
Technology System Level [Fuel . capacityin|(LHV) [%] / [€/KW+n] [2015
Energy capacity [2015 €]
PLEXOS COP range €]
g‘;:‘l‘if Msing G2s|consumer  |Gas IS KWH 1350 kwf 94.5%7  €1,000 29.28
Heat -
L . |INeighbor-
District Heating hood Gas n/al 1320 kWt 86.1%¢ €3,600d -
District Heating [Neighbor- .
Electric 500 kW 500 kW 1.16-5.26¢ €800,000 1,600.00
heatpump hood
Heat- 24.9 kWih,| 1320 kWi,
€at  mcHp Consumer  |Gas th th 96.0%{  €9,500k 366.80
Electricdty 1 kWK 53kWe
AirSource Heat .
PUmp Consumer Electric 9.25 kW9 1320 kW 1.16-5.26¢ €5,4008 583.78
iRES Technologies
. . . Unit Price [€/kW]
Sector Technology Level Unit capacity [kW] Unit Price [2015 €]
[2015 €]
Electridty [PV Consumer 3h €4,050h 1,350.00
Storage Technologies
Max Unit Unit Price [€/KWh]
Sector Technology Level charge/disqcapacity [Efficiency UnitPrice [2015 €] nitrrce
[2015 €]
harge [kW]|[kWh]
Thermal Energy |[Neighbor- | | |
Heat 3966 353,000 87.0%! €1,260,000f 3.57
Storage hood
Electrical | | ) )
Electricty Consumer 5] 13.51] 90.0%)] €6,300 466.67
Storage

a, Average of Remeha Calenta 28c and 40c and Seisoensgebonden energieefficientie ruimteverwarming used for effidency

(Remeha, 2017a)

b, Unitprice based on2017 internet prices
¢ (Heat delivered to dwelling + commercial in Utrecht city network) / Heat produced for Utrecht city network (incl. 15%

distribution loss): 36007

1200 TJ+1900T] _

86.1% (Niessink & Rosler, 2015).

d, Average from (Cooper, Hammond, McManus, & Rogers, 2014).
e, Winterand summer COP (He pbasli& Kalinci, 2009).

f, (DNV GL, 2017a)
g, (Homeadvisor, 2017).

h, Average system size for households inthe Netherlands (Gasunie & DNV GL, 2014).
i, Ecovat M. Stated efficiencyis the seasonal efficiency, s ee section 2.4 for PLEXOS implementation. (Ecovat, 2015).
j, Tesla Powerwallll. Stated efficiencyis the round-trip efficiency (Tesla, 2017).

k, Remeha Evita (Remeha, 2017b).

15
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2.3.2. Price and Emissions of Electricity and Gas, and electrical feed-in tariffs
Both the electricityand gasin the national grid are modelled as fuels with a fixed CO, production rate.
For electricity the emissions factor of 146.1 kg CO,/GlJ is used, representing grey electricity produced
fromthe average grid mixinthe Netherlandsin 2015 (CO2 Emissiefactoren, 2015)%. For natural gas the

Dutch emission factor of Dutch natural gas combustion of 56.8 kg CO,/GlJ is used (Heslinga & Harmelen,
2006).

Table 5 shows the electricity and gas price components used to set prices inthe PLEXOS model.

Table 5 - Electricity and gas price components based on reported consumer prices for 2015, except the flex component which
is based on 2015 APX spot prices.

Electricity Price [€/kWh] Gas Price [€/m3]

Fixed price Flexible price Fixed price
Fixed Component 0.150 0.150 0.340
Feed-In [Flexible Component (average) - (0.078) -
Tariffs | Flat Component 0.078 - 0.330
Total (Average) 0.228 (0.228) 0.670

The electricity price is build up from a fixed component, and either a flexible- or flat component
depending if flexible electricity prices are simulated or not. The average Dutch electricity price per
kWh in 2015/2016 was €0.22, consisting of €0.12 taxes, €0.035 BTW, and around €0.06 for the
production of electricity itself (Energiesite, 2017). Based on this the fixed componentin our electricity
price consists of €0.12/kWh taxes and €0.030/kWh BTW?-. Depending on the choice for a fixed or
flexible electricity price in the simulation the remainder of the electricity price consists of aflexible or
flat component.

The flexible component consistsof the 2015 APX spot price. The flat component of the fixed electricity
price is determined by calculating the weighted average of the cost of electricity using the hourly APX
spot prices and the hourly electricity demand of the PLEXOS neighborhood. In this way, the average
cost of both the fixed and flexible electricity price are equal and close to the reported residential
consumer prices. The greenshade inTable 5indicatesthe feed-in tariffs for electricity that can be used
inour model. The flexible feed-in tariff consists of the flexible component (thus 2015 APX spot prices)
and the flatfeed-in tariff consists of the flat component.

The gas price is fixed in all the simulations and is based on reported residential gas prices per m3 for
2014/2015, consistingof€0.34 taxesand €0.33 for the gas itself.

The flexible profiles for feed-in tariff and electricity pricing are presented in Figure 7 and Figure 8
below.

4 Reported 0.526 kg CO2/kWh for the average Dutch grey electricity mixin2015.
5€0.030is usedinstead of €0.035 to make the total pricecloser to the reported residential consumer prices.
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Electricity Price Profile
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Figure 7 - Flexible Electricity Price profile used in the model.
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Figure 8 - Flexible feed-in tariff used in the model for local PV and mCHP generation.
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2.3.3. PV generation profile
The PV generation in our model is determined by a PV generation profile based on the average PV
generation for the Netherlands and gives hourly generation values (DNV GL, 2017b). This profile is
convertedto a profile that gives the relative output compared to the maximum on a scale from 0% to
100%. In this way, the profile (Figure 9) can be used as a rating factor in PLEXOS with any desirable
capacity for PV generators.

PV Rating Factor
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Figure 9 - PV rating profile used in the PLEXOS model.

2.3.4. Heat Pump COP profile
This profile in Figure 10 is based on daily temperatures forthe year 2016 ranging from a COP of 2to 5
and is inverted on a scale of -1 to 0 to be used as generation participation factor in PLEXOS (see
appendix 7.4). In this way, the COP profile determines how many units of electricity the heat pump
needsto consume to produce one unitof heat.

Heat Pump COP Profile

copP
w

Figure 10 - Heat Pump COP profile based on average daily temperatures (see appendix 7.4 for more details).
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2.4. Build PLEXOS model

Each object in our model has certain properties assigned to it based on the techno-economic
properties definedinsection 2.3. Figure 11 outlines the main components of the PLEXOS model with
all the possible scenario variations from section 2.2.
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Figure 11 - PLEXOS Model Outline

Atits core, the PLEXOS modelisbased on energydemand profiles and a portfolioof generators defined
by various techno-economic parameters which are dispatched in order to meet demand. The
electricity and heating demand profiles describe the electrical or heatingload in MW foreach hour of
the simulation year. In our model, the loads are assigned to a Node object to create demand nodes
(shadedbluein Figure 11).

The loadinthe demand nodesneed to be fulfilledwith generationby dispatchable Generators (shaded
Orangein Figure 11). The Max Capacity and Heat Rate property of a Generator are used to define the
generators. Most generator consume a Fuel (shaded gray in Figure 11), defined with a certain
production of CO, emissions, to produce energy. The district heating CHP (DH CHP), condensing boiler
and micro CHP consume gas as a fuel. The electrical grid, heat pump and district heating heat pump
(DH heat pump) generators all consume electricity, but only the electrical grid generatoris connected
to electricity (fuel). The other generators have an indirect connection to electricity (fuel) through the
electricity hub.

Together with the heat hub, the electricity hub serves a particular purpose. These ‘virtual’ hubs
combine electricity and heat generation frommultiple sourcesto balance them with (possibly multiple)
sources of demand. This is particularly important for our results regarding electricity as in this way
electricity generation from local sources(mCHP and PV generators) is balanced with the demand from
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the electrical demand node, the electricity consumption from the heat pumps and the electrical
storage. For instance, without the electricity hub, electricity generated by the PV generator could not
be used by the heat pumps to generate heat. The remaining electrical demand is generated by the
electrical grid generatorand excess generation from PV and mCHP generators is feed-back to the grid
inthe residentialfeed-in nodefortheselected feed-intariff. The heat hub combines heat from multiple
heatsourcesinthe district heating network and delivers this to the district heatingdemand node. This
is needed for simulation number 7 and 8 where the optional district heating heat pump (DH heat
pump) and TES are added. The electricity generatedinthe DH CHP is sold in the district feed-in node
for the feed-in tariff selected for the simulation

The way in which the fuels, generators and demand nodes are connected varies per technology. The
condensing gas boilergeneratoris directly connected toits corresponding heatingdemand node and
consumes gas, making it the most straightforward connection. The DH CHP generator consumes gas
and delivers its produced energy to the heat hub from where it is delivered to the district heating
demand node. The micro CHP generatorconsumes gas and is deliversits generated heat to the micro
CHP demand node andits electricity to the electricityhub.

The heat pump generatorconsumes electricity and takes this off from the electricity hub. Depending
on the current COP (see section 2.3.4) the amount of electricity offtake per unit of heat varies. The
generated heatisthendeliveredtothe heat pump demand node. The same concept isapplied to the
DH heat pump generator which delivers its heat to the TES. The PV generator has an assigned
generation profile determines the hourly PV generation and delivers this to the electricity hub. The
electrical grid consumes electricity and delivers this to the electricity hub. The electrical storage (ES)
and thermal energy storage (TES) are connected to the electricity- and heat hub respectively. Based
on the simulations scenario and settings they are dispatched based on the demand, availability of
energy and their prices. Using an MT schedule in combination with the ST schedule the TES can be
used as seasonal storage. The MT Schedule uses longer time period to decompose medium-term
constraints and objectives which can be passed on to the full chronological simulation in the ST
Schedule The ST Schedule simulates unit commitment and economicdispatch based on mixed-integer
programming. The settings usedin the model can be foundinappendix 7.2.

Itisimportant to note that PLEXOS is not designed to model heatin this wayas it does not differentiate
between electrical and thermal energy using this method and that exploring the usability of PLEXOS
for thisresearchis part of the research objectives. With a strict separation of heatand electrical flows
inour model (represented by orange and blue lines respectively in Figure 11), we ensure they are not
mixed up in the simulation results. In this way, PLEXOS treats the heat demand as if it would be a
parallel electricity system with properly adjusted parameters and conversion factors.

PLEXOS uses a Unit Commitment and Economic Dispatch algorithm using Mixed Integer Programming
to minimize acostfunction subjected to operational constraints. PLEXOS gives co-optimized solutions
by solving these objective function through simultaneous calculation of the optimal solution for unit
commitment and economic dispatch (Energy Exemplar, n.d.). The objective function and main
constraints forour model are:

Minimize {total system costs} = Total Cost of Electricity Generation + Total Cost of Heat Generation -
- (Feed-In Profits + Penalty Costs for Insufficient Generation)

Subjectto {system constraints}:
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e Electricity Balance (Electricity Hub): (Electrical Grid Generation + PV Generation + mCHP
Generation + EES Generation) =(Residential + District Feed-In + Residential Electricity
Demand + Residential Heat Pump Demand + DH Heat Pump Demand)

e Heat Balance (Heat Hub):(DH CHP Generation + TES Generation) =(District Heating Demand)

e Heat Balance (Residential) = (Residential Heat Generation + DH CHP Generation + TES
Generation) =(Residential Heat Demand)

Other constraints:

e Generatorand storage constraints: max capacity, max load.

2.5. Indicator definitions

Several indicators are defined to assess the results of the simulations and to determine the
performance of the scenarios and theirvariationsin relation to the main and sub research questions.
The followingindicators are chosen:

Energy Consumption and Generation Indicators

Annual electricity and gas consumption [TJ/y]

The annual consumption of grid electricity and gas by the generators serves as a comprehensible
indication for the total energy need to satisfy electrical and heating demand in the different
simulations. Itisadirect outputfromthe following PLEXOS simulation resultsin TJ/y: Total Annual
Gas Offtake [TJ/y], and Total Annual Electricity Offtake [TJ/y]. The contribution of individual
generators towards the total consumptionisincluded.

Annual local energy generation [GWh/y]

The annual energy generation of the different generators gives an overview of the different
sources of electricity and heatandis usedinto determine the self-consumptionshare. Depending
on the simulation itis a combination of direct outputs from the following PLEXOS simulations
results: (electrical) generation in [GWh/y] from the PV, mCHP, and Electrical Grid generators, and
the (thermal) generation in [GWh/y], from the Heat Pump, Micro CHP, Condensing Boiler, DH CHP,
and DH Heat Pump generators.

CO, Emissions Indicators

Annual CO, Emissions [t CO,/y]

The CO, emissions perfuel offtakeand per generator give a quick overview of the origin of the CO,
emissions. They can easily be combined to five the total annual emissions. Itis a direct output
from the following PLEXOS simulations results: Emissions from Electricity offtake [t CO./y],
Emissions from gas offtake [t CO,/y] and Emissions from generatorfuel offtake [t CO,/y].

Reduced Grid Emissions from Feed-In [t CO,/y]

Feed-in from of excessive local electricity generation reduces the need for generation elsewhere
inthe grid. Therefore, itisassumed thatforevery GJ of electricity thatisfeed-back to the grid the
grid emissions are reduced. The Reduced Grid Emissions from Feed-In [t CO,/y] is calculated using
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the following direct PLEXOS simulation results: Feed-In [GWh/y]and the Emission Production Rate
of Electricity (fuel) [CO,/GI].

Flexibility Indicators

- Self-Consumption [GWh /y], [ %]
The self-consumption of locallygenerated electricity by PV and mCHP givesinsightinto the extent
to which different technology combinations are able to utilize local electricity production. It is
calculated from the following direct PLEXOS simulation results: PV Generation [GWh/y], mCHP
(electricity) Generation [GWh/y], and Residential Feed-In [GWh/y]. Self-consumptionis used both
as an actual value [GWh/y] and as a share [%].

- PeakDemand (electrical) [MW]
The peak demand of electricity is used to giveinsightinto the distribution infrastructure (i.e. cables
and transformer capacity) e needs that would be required in the different simulations. Itis based
on the maximum hourly value of sum of: the hourly Residential Electricity Demand [MW],
Residential Heat Pump Demand [MW] and the District Heat Pump Demand [MW].

- PeakFlow (electrical) [MW]
The peak flow of electricity is the maximum hourly flow of electricity in the Electricity Hub. This
flow is a result of either the maximum absolute value of the electrical generation from PV and
MCHP or the grid importdue to demand. It reflects the infrastructural needs of the simulation as
electrical lines must be able to accommodate the highest flow, whetheritis caused by demand or
supply. Itis the maximum value of the following direct PLEXOS simulation result: Flow (Electricty
Hub) [MW].

- PeakFlowto Peak Demand (electrical) Ratio [n/a]
The ratio between the Peak flow and Demand givesinsightinto the cause for the maximum flow.
Itiscalculated usingthe valuesforthe Peak Demand [MW] and Peak Flow [MW] indicators.

Costs Indicators

- Total Annual Costs [1000€/y]

The total costs are broken down into the investment and operation costs, allowing for a quick
comparison of these cost aspects between the different simulations. The total investment costs
are calculated based on the number of installed generators and their unit price and then divided
over their lifetime to calculate the annual investment costs [1000€/y] (see appendix 7.8 for
scenario investment cost calculations). The operation costs are based on the following direct
PLEXOS simulationresults: Annual Gas Offtake Costs [1000€/y] and Annual Electricity Offtake Costs
[1000€/y]. The costs forinstallationand maintenance of the heating and storage technologies, and
external infrastructural costs forthe electrical grid, heating network or district CHP are not taken
intoaccount.

- Feed-InRevenue [1000€/y]
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The revenue from feed-into the gridis splitdivided over whole neighborhood and can be seen as
areductionintotal costs. Itis based on the following direct PLEXOS simulation result: Annual Feed-
In Price Paid [1000€/y].

3. Results

Using the indicators defined in section 2.5 the various simulation results can be interpreted. In this
way, the advantages and disadvantages of the technological scenarios in fulfilling the electrical and
heating demand of our model neighborhood becomes clear.

The results are presented inthe following order; First the simulations results are compared using the
Energy Consumption and Generation Indicators, then on the CO2 emissions indicators, then on the
Flexibility Indicators and then on the Costs Indicators. After that some more detailed results are
presented onseasonal and hourly interactions. Note that the abbreviations for scenarios names from
Table 3 are usedin the description.

3.1. Indicator Results

3.1.1. Energy Consumption
Figure 12 shows the results of the annual energy consumptions in TJ per year for each simulation.
Together, the electricity consumption from the electrical grid for non-heating and heating purposes
(HP and TES HP), electricity self-consumption (from PV and/or mCHP) and gas consumption make up
the total energy consumption foreach simulation.

The differences between the efficiency of the various gas fueled heating technologies becomes
apparent from the different levels of gas consumptionin the REF, DHand mCHP simulations. Compared
to the REF simulations, the DH baseline simulations resultina 29% lower gas consumption whilethe
mCHP simulations resultsina23% higher gas consumption.

Only simulation #7and #8 feature a combination of gas fueled heating with electrical heating, allowing
PLEXOS to prioritize electrical heating when conditions are favorable. Compared to the REF
simulations, heating by the TESHP in these simulationsresults in gas consumption levels that are 35%
and 41% lowerrespectively. Inturn, thisresultsinincreased consumption of electricity by the TES HP
of 10% and 17% respectively compared to the baseline simulations. The flexible electricity price in #8
isadvantageousforthe TES HP, allowingitto generate more cost-effective heat.

The electricity consumption fromthe grid shows an expected reduction inthe REF baseline simulations
(low, mediumand high PV) as PV capacitiesincrease. The same patternis visible in the DH, ELEC and
mMCHP baseline simulations with further reductions in the TES+HP, EES, and FEP simulations
respectively. The remainder of the non-heating electricity demand is fulfilled through self-
consumption of PV and/or mCHP. In appendix 7.6 the seasonal differences between PV supply and
electricity demand are presented, explaining why the increase in self-consumption is not linear with
theincrease in PV capacity.

Without gas fueled heating, the ELEC baseline simulations have a 101% increase in total electricity
consumption compared to the otherscenarios. Electrical energy storage and flexible electricity prices
inthe ELEC EES and ELEC FEP simulations increase total electricity consumptions with an extra 0.6 TJ/y,
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resultingina 110% increase. Insection 7.5 the hourly electricity consumption of the residential HP is
shown, revealing large, temperature dependent peaks.

The mCHP scenario has the lowest electricity offtake from the grid due to its combined generation of
heatand electricity. In simulation 18 electrical grid offtake isonly 1.4 GWh/y compared to 7.9 GWh/y
insimulation 3 of the Reference scenario. The gas consumption is the highestof all scenarios however.

Energy Consumption

70
60
50 — N
g
Ea40 + — — SN T . = -
c -
2 -
=
=y L
€ L
230 BB B B B —
c -
o
S L
20+ — — — — — — — —
10 +
0 -
#1 #2 #3 #4 #5 #6 #7 #8 #9 | #10 | #11 | #12 | #13 | #14 | #15 | #16 | #17 | #18
Low | Med. | High | Low | Med. | High TES+HR FEP | Low | Med. | High | EES | FEP | Low | Med.| High | EES | FEP
Baseline PV Baseline PV Baseline PV Baseline PV
Reference District Heating Electrification mCHP
B Electricity: Grid, Non-Heat B Electricity: Local PV + mCHP, Self-Consumption
M Electricity: District heating HP W Electricity: Grid, HPs
Gas: Total (Heat + Non-Heat)

Figure 12 — Annual electrical grid and gas offtake for each simulation (#1-18). Note that self-consumption includes both PV
and mCHP generation.
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3.1.2. CO; Emissions Indicators
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Figure 13 showsthe resultsfor the annual CO, emissionsintons of CO, per year for each simulation,
broken down by fuel source. The reductionin grid emissions due tofeed-in are included.

The distinctlevels of gas consumptioninthe REF, DH baseline and mCHP simulations resultsina 29%
reductioninthe DH baseline simulations and a 23% increase in the mCHP simulations. Inthe DH TES +
HP (#7) and DH FEP (#8) simulations the emissions from gas consumption further reduce due to
electrical heating. The reduction is largely offset due to the increased emissions from electridty
consumption, resultingin the same emissions total for both scenarios.

The reduced electricity consumption due to increasing PV generation in the baseline simulations
directly reducesCO, emissions. The reduction in emissions fromelectricity consumption inthe medium
and high PV simulations for REF and DH are 25% and 34% respectively, compared to the low PV
simulations. Feed-in further decreases (grid) emissions for these simulations to a total reduction in
electricity consumption emissions of 27% and 43% respectively.

Fully electricheatinginthe ELEC simulationsresultsin total emissions levelsthat lie 5% above those of
the DH simulations. In the mCHP simulations emissionsstay relatively high dueto the gas consumption
levels. Emissions from electricity consumption can effectively become negative due to the high
reductioningrid emissions. The biggestreductionintotal emissionsinthe ELEC and mCHP scenarios
take placein simulations #12 and #17 with a 31% and 29% reduction respectively.
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CO2 Emissions and Reduced Grid Emissions
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Figure 13 — Annual CO, emissions for each scenario broken down by fuel offtake. Reductions in grid emissions due to
electrical feed-in are subtracted from the total results.

3.1.3. Local Generation, Self-Consumption and Peak flow and Demand
Figure 14 shows the locally generated electricityfrom PV and mCHP in GWh peryear, the amount that
is self-consumed and the self-consumption share for each simulation on the second y-axis. In the REF,
DH and ELEC simulations, local generation is determined solely by the amount of PV capacity (low,
medium or high) showing a similar patterns along the scenarios. In the mCHP simulations, local
generationisraised due to added mCHP generation. Self-consumption values and shares are equal in
the REF and DH baseline simulations as there are no couplinginteractions possible.

As local generation increases throughout the baseline simulations the shares of self-consumption
decrease. As PV capacity increases the mismatch between supply and demand becomes amplified.
These seasonal and daily differences between PV generation and the demand for electricity and
heating explainedin section 7.6.

Bothinthe DHTES +HP and DH FEP as well as the ELEC simulations, the addition of heat pumps enables
higher shares self-consumption. The effect however is relatively small due to the mismatch of heat
demandand PV generation between the winterand summer.

In the mCHP scenario this seasonal mismatch is reduced, as more electricity is produced in winter
months. The amount of hours in which electricity is self-consumed roughly doubles as can be seenin
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the self-consumption duration curve in Figure 22 in section 7.6. Figure 27 clearly shows the significant
increase in self-consumption during winter months in the mCHP scenario compared to e.g. the
electrification scenarioin Figure 25 (see section 7.6.1)

Electrical heating in ELEC raises the self-consumption share by 10% (absolute)and 15% (absolute)
respectively overthe REF and DH baseline scenarios. With this, the ELEC scenario achieves the highest
level of self-consumption with a share of 67% in ELEC High PV and 73% in ELEC EES and FEP.

The effect of electrical storage in the EES and FEP simulations is relatively small, increasing the self-
consumption share from 67% to 73% in the ELEC simulations and from 58% to 64% in the mCHP
simulations. Furthermore, flexible energy prices do notinfluence self-consumption at all as can be seen
inthe FEP simulations.
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Figure 14 - PV and mCHP generation, and Self-Consumption. The self-consumption share is displayed on the x-axis under the
simulation number.

Figure 15 presents the results for the electrical peak flow and electrical peak demand in each
simulation. Because the REF, DH baseline and mCHP simulations have no electrical heating their peak
demand remains equal. As PV capacities increase throughout the baseline simulations, so does the
peakflow as more electricityis fed in to the grid. The ELEC simulations are an exception to this as here
the peak flow isdominatedby the combineddemand for electrical heating and non-heating purposes.
In the REF and DH simulationsthe increase in PV capacitiesincreases the peak flow with 1.2 MW to a
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maximum of 2 MW. In the mCHP simulations, the extra electricity generation fromthe mCHP further
increases peak flow.

Interestingly,in the mCHP EES and FEP simulation, as wellasinthe ELEC FEP simulation, the peak flow
increases further without the addition of extra PV capacities. Here, electrical energy storage is
responsible forthe increase in peak flow. This effectis notseenin the DH scenario with TES.

The combined effects of increased local electricity generation and dynamic battery charging and
discharginginthe mCHP FEP simulationleads to the highest ratio between peak flow and peak demand
of 3.3. Thus, flow is dominated not by demand but by otherenergy flows

Overall the peak flow increases with increasing PV capacities, to a maximum of 2.4 times the peak
demand in the REF and DH High PV simulations. In the mCHP scenario this effect is increased to the
highestratios of all simulations, 2.8 in the High PV simulationand 3.3 in the EES and FEP simulations.
In the ELEC scenario electrical heating demand dominates peak flow and the ratio does not change,
exceptwhen flexible energy prices are used and the peak flowincreases with 0.5 MW to the highest
flow of 4.4 MW. In the mCHP scenario only electrical energy storage increases peak flowfurther.
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Figure 15 - Peak flow and demand results for each simulation. The ratio between Peak flow and peak demand is displayed in
the shaded area beneath the simulation # on the x-axis.

3.1.4. Costs
Figure 16 showsthe total annual costs for each simulation, with investment costs spread assuminga
20-year lifetime forthe heating technologies and PV systems. Appendix 7.8 shows the costsin a graph

pertype.

28



Maarten Sosef MSc Thesis Energy Science

The REF scenario has the lowest annualinvestment costs for heatingin the baseline simulations of DH,
ELEC and mCHP these increase with €172,000 €288,000 and €561,000 respectively. The highesthe ating
related investment costsincurin mCHP EES/FEP (#17/18) at €669,000, an increase of 913% compared
to the REF High PV simulation.

In line with the energyconsumption results the REF, DH baseline and mCHP baseline simulations have
a distinct gas cost level. Electricity cost increase significantly when electrical heating is applied,
increasing the total costs above the REF levels. In the ELEC scenario, electricity costs take up most of
the annual costs although flexible electricity prices showthe most benefit here. Onlyheat pumps seem
to allow households to benefit from flexible pricing as simulation 8 and 13 show a reduction is costs
whereas the electrical storage in the mCHP scenario(simulation 18) shows no changes. Noting that the
total electricity demand is equal in all the electrification scenarios the decrease in cost can be
attributed to shiftsin electricity offtake from the grid from periods with higher prices to periods with
lower prices.

Investment and Operation Costs
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Figure 16 — Investment and operation costs results for each scenario. Savings from feed-in revenue are subtracted from the
total results. Investment costs for storage and DH HP are included in the heating investment costs.

The biggest difference in costs can be seen between simulation 8 and 14, 546,000€ per year. The DH
scenario has the lowest cost in general whereas mCHP has the highest. This is mainly due to the
significantly higherinvestment costs for mCHP, as well as high gas costs. Whereas, inthe DH scenario
the investmentcosts are relatively modest and the gas cost
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Overall the DH simulations are the least expensive but difference is not very big compared to the REF
simulations. The ELEC simulations are slightly more expensive and have high costs incurred with
electrical heating. The mCHP simulations are the most expensive due to the highest investment and
gas consumption cost. Electricity cost are practically zero with feed-in profitin the mCHP High PC, EES
and FEP simulations (#16, #17 and #18).
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4. Discussion

Using PLEXOS to model electricity and heatinginteractions inalocal energy system commenced as an
exploration of its suitability and has proven capable of delivering results. As a modelling driven
research, the system boundaries, input parameters and assumptions determiningthem have a direct
influenceon the results. Despitethe careful approach thatis takentoformulate thesein the presented
method, simplificationshad to be made or potentially influential factors dad to be omitted considering
their required time investment. A sensitivity analysis testing the impact of uncertainty in the input
parametersis perhaps one of the most regrettable omissionsthat had to be made in thisresearch as
some techno-economic parameter have profound effects on the simulation outcomes. The demand
profiles for heat and electricity are among the biggest influencers on the end results, dictating the
dispatchment of the various generators in the model. Acquiring demand profiles that are
representative for currentreal-world situations in the research case has been a challenge. Converting
gas consumption to heat demand without further adjustment or exploration of applied heating
technologies diffuses the applicability of the result to the research case. However, looking at the
variationsin actual gas consumption between different neighborhoods in theresearch case reveals big
differences, indicating that the acquired demand level should fall well within the range of realism.

Uncertainty in the conversion efficiencies of the various heat generators can have a more meaningful
effect on the simulation results. Especially in the case of heat pumps, where the coefficient of
performance is directly dependent on the difference between in- and outside temperatures. Using
dailyinstead of hourly COP values discards intra dailyfluctuations that can be of significantimportance
consideringthe daily peaksin heating demand and fluctuations in the electricity price. In this research,
the use of daily average values as a basis for the COP range is a rough and impromptu approach to
modeling heat pump efficiency and a point of improvement for future research.

Considering the chosen indicators, no clear “winner” arises amidst the results of the different
technological scenarios. District heating resultsin the lowest emissionsand shows promise to increase
self-consumption when coupled with thermal energy storage and a district heat pump. Increasing the
capacity of the district heat pump could furtherimproveflexibility as the heat pump often operates at
maximum capacity and seems to be successful in taking advantage of flexible electricity pricing.
Electrification of heating supply offers similar benefits toin terms of emission reduction, especiallyin
simulations with high PV capacities, and shows increased self-consumption. Although flexible energy
prices do not notably affect emissions and self-consumption it does succeed in lowering the costs.
Equipping the neighborhood with mCHP’s significantly decreases electricity consumption from the
grid. The increased amount of self-consumption due to the year-round generation of local electricity
together with extra feed-in revenue manages to effectively reduce electricity costs to zero (or less).
However, the increased consumption of gas results in the lowest emission reductions, and together
with the highestinvestment costs it makes the mCHP scenario the most expensive of all.

As future price developments are not considered for the various technologies the economic prospects
of mCHP’s may improve, especiallywhen combined withreduced gas costs due to insulation. However,
where reduced heating demand looks promising combined with electrified heating, the benefits for
combined generation of electricity and heat may be restricted as electrical output decreases.
Consideringthe option of using biomass fueled mCHP’s can drastically change the perspective of mCHP
heating. As practically all the emissions in the mCHP simulations are a result of gas consumption,
switching from gasto a bio fuel could significantly reduce emissions and is worthy of pursuitin future
research. It must be noted that large scale adoption of biomass fueled heating creates newchallenges
as they are not expected to be able to substitute the current fossil fuel demand (Mathiesen et al.,,
2015).
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The differencesininfrastructural requirements between afully electrified, district heating connected
or mCHP powered neighborhood are vast. Whereas the current infrastructure can be assumed to
suffice for the use mCHP’s, electrification but also district heating, are expected to require extra
investment in expanded heating networks or grid capacities. A two to four-fold increase in peak
electrical demand and/orflow as shown in the high PV simulations and electrification scenario results
is likely to overshoot the limits of current local grid capacities. However, transmission limits have not
been appliedinthis model makingit uncertainif local battery storage could be utilizedto reduce these
peaks. Testing this assumptionin future modeling exercises could provide more insights on this.

Considering none of the scenarios shows benefits on all the indicators, future reductions in energy
demand, especially thedemandfor heating, is expectedto have considerable effects on the simulation
results. In terms of operation costs and emissions the electrification and mCHP scenario can be
expected to show considerable improvements with reduced heating de mands. Incorporating future
prospectsfor reducedresidential energy demand, e.g. as a result of insulation, are therefore another
suggestion forfurther modeling exercises on this topic.

Ina scenario of wellinsulated households, expanding the modelto enable households as smallthermal
(buthumanly comfortable) storagescan unlock a potentiallylarge source of flexibility, especiallyin the
electrificationand mCHP scenario’s. In those cases, peaksin heat demandcould be reduced by shifting
demand by a few hours, or sudden peaks in local generation could be stored as both electricity and
heat, which can be beneficialfrom aninfrastructural point of view.

The daily and seasonal dynamicsin PV generation lead to considerable excess generation during the
summer months. The mismatch between seasonal PV generation and heating demand offers little
opportunity to improve this with electric heating. Seasonal thermal storage may provide some relief
when provided withheat pumps. Batteries can be more relevant forthe mismatch between hourly PV
generation and non-heatingelectricity demand, but these dynamics have not been assessed in detail
inthis study.

The coupling between the electricityand heating sector isidentified as a potentiallybigand important
source of flexibility forthe powersystem, and even a necessity in the path towards 100% renewable
energy systems (Mathiesen etal., 2015). In the current research setup, the potential of couplingona
local level shows benefits in terms of improved self-consumption and emission reduction but
important obstacles remainin pursuit of integrating large amounts of iRES. None of the scenarios can
reduce feed-in from excess generation during summer months due to the big seasonal mismatch.
Stretching the assumed maximum PV penetration of 50% towards 100% of the householdsis likely to
result in lower shares of self-consumption, and much higher peak flows due to grid feed-in.
Concentratingon the local scale for coupling the electricity and heat sector might only bring us so far,
and perhaps a combination of forexample mCHP’s and a district heatingnetwork withthermal storage
and a large-scale heat pump will be more ideal.

Recently, increased attention has been given in the media and local (municipal) politics to so called
gasless neighborhoods. These neighborhoods rely on heat pumps to electrify heating supply and are
often presented as an important step | achieving urban decarbonization ambitions. Although
electrification reduces emissions in assessments confined to municipal borders, the increase in local
electricity demand relocates emissions to the national grid. Therefore, achieving decarbonization in
this way relies on decarbonizing the electricity generation. From a more practical point of view, and
more interestingto DSO’s, the implications of electrified heating on local energy infrastructures raise
qguestions. Depending on the capacity limits of the electricity lines on neighborhood le vel, afour-fold
increase in peak demand could implicate costly investments. Although it opens the way for
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decarbonizationina way that gas fueled heating does not, the prospect of electrified heatingdo not
show immediate benefitsin the results of this study.

5. Conclusion

Inthis study, we have modelled four alternative technological scenariosthat couple the electricity and
heating sector in an urban neighborhood to investigate their potential benefits in relation to
decarbonization. Keeping energy demands equal in all simulations revealed the consequences of
adopting different technologies on energy consumption, CO, emissions, flexibility and costs. While
none of the scenario’s proved to be a clear-cut choice for future endeavors, each scenario showed
differentadvantagesand drawbacks.

Regarding energy consumption we found that mCHP’s increase gas consumption by at least 20%
compared to condensing gas boilers, and district heating reduces gas consumption by roughly 30%.
Eliminating gas consumption through electrified heating avoids local emissions but results in double
the amount of electricity consumption. Emission wise the biggest reduction is achieved with district
heating, with electrification showing comparable reductions with the opportunity for further
reductions through decarbonizing electricity generation. The dominance of gas induced emissions
from mCHP’s points towards reduced heat demand for further improvements. In terms of costs DH
shows a slight reduction overall and except for the electrification scenario with flexible electricity
pricing and battery storage the costs increase with electrification and mCHP’s. The mCHP scenario
practically reduces electricity coststo zero due to increased local generation and self -consumption. A
reductionin heatingdemand seemsespeciallybeneficial forthe performancein the electrification and
mCHP scenario. However, the intended benefits of coupling electricity with heating demand are likely
to diminishas the potentialforflexibility is expected to fall with lowerheating and electricity demand.

Flexibility is improved where a coupling between electricity and heat is present and the addition of
storage furtherincreases it. Although, in terms of self-consumption share the effects are relatively
modest. Seasonal differences between heating demand and PV generation seem a critical inhibiting
factor for high self-consumption. Using mCHP’s as a residential heating source reduces this seasonal
mismatch. Therefore, the effects of adding wind as anothersource of iRES on the seasonal mismatch
betweeniRES generation and heatingdemand may yield interesting resultsin further research.

Furthermore, PLEXOS showed to be a useful model for local electricity-heat sector coupling by
modelling heat as a separate network in parallel to the electricity system.
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7. Appendix
7.1. Indicator results
Table 6 - Indicator results
Scenario Variation Total Reduce
co2 d Grid
Total | Total Emissio | Emissio
Gas Electrici | Self- ns fuel | ns from | Total
Offtak [ ty Grid | Consumpti | Self- offtake | Feed-In | Costs
e Offtake |on Consumpti | [t [t [1000€/
[T/y] |[T/y]l | [GWh/y] [on [%] Co2/y] | co2/y] |yl
Reference 46.7 11.9
Medium PV 46.7 8.9
High PV 46.7 7.8
District
Heating 48.8 11.9
MediumPV 48.8 8.9
High PV 48.8 7.8
High PV +TES HP + FlexFI 45.2 8.2
High PV +TESHP + Flex Fl +
FlexEP 41.1 9.1 1.4 61% 3,377 132 1,753
Electrificatio
n 3,726 1,977
Medium PV 1.0 89% 3,211 1,823
High PV 20.2 1.6 67% 112 1,770
High PV +ES +FlexFI 19.7 1.7 73% 91 1,782
High PV +ES +FlexFl + Flex
EP 19.8 1.7 73% 91
mCHP 4.3 2.2 89% 3,630 41
Medium PV 2.7 75% 3,296 129
High PV 58% 3,094
High PV +ES + FlexFI 64% 3,000 246
High PV +ES +FlexFl + Flex
EP 64% 3,001 246
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[1000 €/y]

Scenario | Referenc District
e Heating
Baseline Baseline
Simulati Simulati
ons ons
Simulation# | 1 2, 3, High 4 5, 6, High 7, High 8, High
Medium | PV Medium | PV PV + TES | PV + TES
PV PV HP +Flex | HP +Flex
FI Fl+ Flex
EP
Total Gas Offtake [TJ/y] 46.7 46.7 46.7 33.0 33.0 33.0 30.5 27.8
Total Electricity Grid
11.9 8.9 7.8 11.9 8.9 7.8 8.2 9.1
Offtake [TJ/y]
P el G el 0.1 1.2 23 0.1 12 23 23 23
[GWh/y]
mCHP Electricity ) ) ) ) ) ) ) )
Generation [GWh/y]
PV + mCHP Feed-in - 0.2 11 - 0.2 1.1 0.9 0.9
[GWh/y]
Self-Consumption [GWh/y] 0.1 0.9 1.2 0.1 0.9 1.2 1.4 14
Self-Consumption [%] 100% 79% 52% 100% 79% 52% 61% 61%
ES Generation [GWh/y] - - - - - - - -
TES Generation [GWh/y] - - - - - - 3.9 3.5
Peak Flow [MW] 0.8 1.0 2.0 0.8 1.0 2.0 2.0 2.0
Peak Demand [MW] 0.8 0.8 0.8 0.8 0.8 0.8 0.9 1.0
RatioPeakFlowto Peak 1.00 1.22 2.44 1.00 1.22 2.44 2.26 2.08
Demand
CO2 Emissions Gas offtake
[tCO2/y] 2,473 2,473 2,473 1,745 1,710 1,583 1,484 1,337
CO2 Emissions Electricity
Offtake [t CO2/y] 1,737 1,302 1,145 1,737 1,302 1,145 1,204 1,336
Total CO2 Emissions [t
CO2/y] 4,210 3,775 3,618 3,482 3,012 2,728 2687 2,674
Feed-in Grid Emission
Reduction [t CO2/\] - 35 162 - 35 162 132 132
Net Emissions [t CO2/y] 4,210 3,740 3,456 3,482 2,976 2,566 2,555 2,542
Investment Cost/year
72 134 200 243 304 371 371 371
[1000€/y]
Electridty cost [1000€/y] 754 565 497 754 565 497 520 514
Gas Cost [1000€/y] 989 989 989 698 698 698 642 587
Total Costs [1000€/y] 1,815 1,688 1,685 1,695 1,567 1,566 1,533 1,472
Feed-in profit (PV + mCHP) ) 19 37 i 19 37 52 52

Table 7 - Simulation Results
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Scenario | Electri mCH
ficatio P
n
Baseli Basel
ne ine
Simul Simul
ations ation
s
Simulation # | 9 10, 11, 12, 13, 14 | 15, 16, 17, 18,
Mediu High | High | High Medi | High [ High |[High
m PV PV PV + PV + um PV PV+ (PV+
ES + ES + PV ES + ES +
Flex Flex FI Flex |FlexFl
Fl + Flex Fl + Flex
EP EP
Total Gas Offtake [TJ/y] - - - - - 57.6 |576 |57.6 |[57.6 |57.6
Total Electricity Grid Offtake
[T)/y] 25.5 22.1| 20.2 19.7 19.8 4.3 2.6 2.3 1.4 1.4
PV Electricity Generation
[GWh/y] 0.1 1.2 2.3 2.3 2.3 0.1 1.2 2.3 2.3 2.3
mCHP Electricity Generation
[GWh/y] - - - - -l 24 24| 24| 24 2.4
PV + mCHP Feed-in [GWh/y] - 0.1 0.8 0.6 0.6 0.3 0.9 2.0 1.7 1.7
Self-Consumption [GWh/y] 0.1 1.0 1.6 1.7 1.7 2.2 2.7 2.8 3.0 3.0
Self-Consumption [%] 100% 89% | 67% | 73% 73% | 89% | 75%| 58%| 64% 64%
Electrical Storage (EES)
Generation [GWh/y] - - - 0.2 0.4 - - - 0.4 0.4
Thermal Storage (TES)
Generation [GWh/y] - - - - - - - - - -
Peak Flow [MW] 3.9 3.9 3.9 3.9 4.4 0.8 1.4 2.3 2.7 2.7
Peak Demand [MW] 3.9 3.9 3.9 3.9 3.9 0.8 0.8 0.8 0.8 0.8
RatioPeak Flowto Peak
Demand 1.00 1.00( 1.00 1.00 1.14( 1.01 1.71 2.84| 3.34 3.34
CO2 Emissions Gas offtake
[tCO2/y] - - - - -| 3,048 ] 3,048 3,048 | 3,048 [ 3,048
CO2 Emissions Electricity 2,95
Offtake [t CO2/y] 3,726 3,229 3| 2,885 | 2,894 623 378 333 199 199
Total CO2 Emissions [t 2,95
CO2/y] 3,726 3,229 3| 2,885 | 2,894 3,671 | 3,425| 3,381 3,246 | 3,247
Feed-in Grid Emission
Reduction [t CO2/y] - 18 112 91 91 41 129 287 246 246
Net Emissions [t CO2/y] 2,84
3,726 3,211 1| 2,793 | 2,803( 3,630 | 3,296 | 3,094 | 3,000 | 3,001
Investment Cost [1000€/y] 360 421 488 529 529 633 694 761 802 802
Electridty Offta ke Cost 1,28
[1000€/y] 1,618 1,402 2] 1,252 1,108 271 164 145 86 75
Gas Offtake Cost [1000€/y] - - - - -1 1,218 | 1,218 1,218 1,218 | 1,218
Total Costs [1000€/y] 1,77
1,977 1,823 0| 1,782 | 1,638| 2,122 | 2,076 | 2,124 2,107 | 2,096
Feed-in profit (PV + mCHP)
[1000 €/y] 10 60 38 38 22 69 154 100 100

Table 8 - Simulation Results
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7.2. PLEXOS Simulation Settings
~Planning Horizen
Begin On: | Friday, 1 January, 2016 ==
Run for: 1 %h’ear -
End Cn: Saturday, 31 December, 2016
Interval Length: | 1 Hour =

Day Begins: 12:00 AM =
Year Ends: (Automatic) -

Week Begins: | (Automatic) =

~Chronological Phase

(@) Full Chronology _ : :
. Synchronize to Planning Horizon

() Typical week per month

Begin at intenval: 1 $ Friday, 1 January, 2016 : : :

Schedule: 365 [ stepls) of: 155 Day -

End at interval: 24| Saturday, 31 December, 2016

Additional Look-ahead

Length: 1/ Dayls) -

Resoluticn: 1 Hour -
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~Solution File Formats

[ | Database (.mdb)

[ ] Flat Files {.csv)
Compressed XML (zip)
() Compact ) Full

~Period Types

Period (hour, 30-min., or 10-min. as in Horizon)

[ Hour

] [ ] Menth

| ¥ Day

] [ ] Quarter

[ ] Wieek

[ Year ]

~ Stochastics

[ | Report Statistics
[ ] Save Each Sample

~Filters
Filter Objects {Interval)

[ ] Whole Years Cnly

Filter Cbjects {Summary)

Auto (1 year) 1]

LIl

~Chranology
@) Partial
() Fitted

~Flat Files
Format: Datetime
Locale; [default)
~ Date Time Convention
Date Time Convention: Beginning of Period * |
~Simulation Steps ~ Discounting
in each simulation step Discount Rate (32):

End Effects Method:
() None @) Perpetuity
Discount Period:

(O Hour ) Day

MSc Thesis Energy Science

@ Week (O Month () Quarter () Year

) Sampled

‘One Duration Curve each:

[®Day O Week O Month O Quarter O Year |

Blocks in each Duration Curve:

Blocks in last cunve in Horizon:
~Slicing Method
Peak/Off-peak Bias
Weighted Least-squares Fit

~Generation Expansion
Mew Entry Driver:

(@ None

() Reliability+Entrepreneunal
Time Lag for Entrepreneurial Entry {(months):
Capacity Mechanism:

(® None () Capacity Payment () Reserve Trader

) Reliability Only

() Entrepreneurial Cnly

- Pricing
Generation Pricing Method:
® Average () Marginal

Start Cost Amortization (hrs):

- Reliability
[] Use Effective Load Approach

Outage Increment (MW)

- Stochastic Method
® Deterministic

Independent Samples (Sequential)
Independent Samples (Parallel)

() Scenario-wise Decomposition

Heat Rate

|[ O Detailed O Simple @ Simplest

Pin Top:
Pin Bottom: -1 E
-Sample
Day & Week Month
Samples per Year: 4 :

- Transmission

[(© Regional ) Zonal @ Nodal
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~ Transmission Detail
() Regional () Zonal (@) Modal

~Heat Rats

@ Detailed ) Simple () Simplest

~Stochastic Method
() Deterministic
® Independent Samples (Sequential)
) Independent Samples (Parallel)

() Scenario-wise Decomposition

~ Discounting

Dizcount Rate (55} 0

|

End Effects Method:
() Mone (@) Perpetuity
Discount Period:

) Hour O Day ® Week O Month (O Quarter ) Year

MSc Thesis Energy Science
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Maximum Threads:

~Solver ~ Linear Optimizer
- Default For small problems use: | Auto w |
Small problems have less tham: | 250[]00| noen-zercs
pL%}.’és () EELPS 1.1.0
For large problems
On cold start use: 1 | Auto L |
~Commercial
2 | MNone = | concurrent
m CPLEX 12.6.3.0 E | MNone - | concurrent
Cn hot start use: 1 |Auto w |
2 | MNone g | concurrent
Gurobi £.5.0 4 | Mone = | concurrent
Maxirmum Threads: | -1 H
~Mixed Integer Optimizer
MOSEK 7.1.0.53 At the root node use: | Auto = |
At B&E nodes use: | Auto = |
For small problems:
Relative Gap (%): | 007 |
Improve Gap (3&): | 0 :
Masx Time (sec.): | =
Small problems have less tham: | 1DUU'| integers
For large problems:
Relative Gap (%): | 001 [
SCIP 301 Imprave Gap (&) | 0 :
Masx Time (sec.): | 1
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7.3. Demand Profile Data
Liander open data website, demand profiles

Expected electricity (2009)and gas (2008) consumption profiles fora group of 10.000 consumers based
on earlier measurements or allocation data. The consumption is normalized (temperature corrected
based on average temperature profile of the last 20 years prior).

The electricity data includes consumers with a <= 3x25 Ampere connection with singleand double tariff
(ratio between these is not known). The gas data includes consumers with an annual consumption of
<5000m?3(35,17 MJ/m?3) with a connection of <= G6 and is temperature corrected. The hour fraction is
given as the share of the consumption in a certain hour of the annual consumption.

Both the electricity and gas consumption distribution is presented in a graph over the whole year to
showseasonalvariations, as aload/demand duration curve and as agraph that compares thefirst whole
weeks of January, April, July and October to compare daily variations throughout the year (starting at
Monday 00:00).
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Gas Hourly Fractions:
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Remarks on graphs: big seasonal variation following outside temperature, clearly visible in the
comparison of weeks. Note: lower demand in weekend days (not expected?).
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7.4. Heat Pump Generation Participation Factor and KNMI Temperature Data
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Figure 17 — PLEXOS generation participation factor used to model daily heat pump COP values (based on KNMI daily
temperature data 2016).

KNMI Average Dutch Day temperature for 2016
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Figure 18 - KNMI Average Dutch Day temperature for 2016, used to determine Heat Pump COP and Generation participation
factor in PLEXOS.
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7.5. Hourly HP Electricity Consumption
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Figure 19 - Hourly electricity consumption of residential heat pumps shows that the temperature dependence of heat pump
efficiency can have big consequences for peak demands.

47



Maarten Sosef

MSc Thesis Energy Science

7.6. Seasonal and Hourly dynamics of Local Generation and Electricity

Demand
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Figure 20- Daily PV and mCHP generation, and electricity demand [MWh]. Seasonal mismatches between PV generation and
electricity demand, but also with between heating demand (indicated by the mCHP electricity generation) are clear.
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7.6.1. Self-consumption duration curve
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Figure 21 - Self-Consumption duration curve for the simulations with the highest self-consumption from each scenario.
Reference (low PV) is added for comparison.
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7.7. Individual Scenario Results for Self-Consumption
Reference scenario

Self-Consumption In Reference Scenario Variations
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Figure 22 - High PV generation output compared to the self-consumption under reference scenario simulations in MWh/d.
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Self-consumption Duration Reference Scenario
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Figure 23 - Self-consumption duration curve under reference scenario simulations.
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District Heating Scenario

Self-Consumption In District Heating Scenario Variations
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Figure 24 - High PV generation output compared to the self-consumption under district heating baseline and variation
simulations in MWHh/d.
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Self-Consumption In Electrification Scenario Variations
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Figure 25 - High PV generation output compared to the self-consumption under electrification baseline and variation

simulations in MWh/d.
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Self-consumption Duration Electrification Scenario
18

16
14

1.2

MW

0.8

0.6

0.4

0.2

1 251 501 751 1001 1251 1501 1751 2001 2251 2501 2751 3001 3251 3501 3751 4001 4251 4501

Hours

e Heat Pump s Heat Pump Medium PV = Heat Pump High PV
e Heat Pump ES Flex FI == = Heat Pump ES Flex FI Flex EP

Figure 26 - Self-consumption duration curve under electrification scenario simulations.
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mCHP Scenario
Self-Consumption in mCHP Scenario Variations
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Figure 27 - High PV generation output compared to the self-consumption under mCHP baseline and variation simulations in
MWh/d.

55



Maarten Sosef MSc Thesis Energy Science

Self-consumption Duration District Heating Scenario
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Figure 28 - Self-consumption duration curve under district heating scenario simulations.

7.8. Investment Costs

Table 9 - Total investment cost breakdown for each scenario [1000€].

Scenario | Reference District Heating
Variation | Baseline Simulations Baseline Simulations Storage FEP
Simulation # 1 2 3 4 5 6 7 8
Main Heating Technology [1000€] | €1.320 €1.337 €1.320 €4.752 €4.752 €4.752 €4.752 €4.752
PV [1000¢€] €111 €1.337 €2.673 €111 €1.337 €2.673 €2.673 €2.673
ES [1000€]
TES [1000€] €1.260 €1.260
DH HP [1000€] €800 €800
Total [1000€] €1.431 €2.673 €3.993 €4.863 €6.089 €7.425 €9.485 €9.485
Scenario | Electrification mCHP
Variation | Baseline Simulations Storage FEP Baseline Simulations Storage FEP

Simulation # 9 10 11 12 13 14 15 16 17 18
Main Heating
Technology
[1000€] €7.080 | €7.080 | €7.080 | €7.080 €7.080 | €12.540 | €12.540 | €12.540 | €12.540 | €12.540
PV [1000¢€] €111 €1.337 | €2.673 | €2.673 €2.673 | €111 €1.337 €2.673 €2.673 €2.673
ES [1000€] €832 €832 €832 €832
TES [1000€]
DH HP [1000€]
Total [1000€] €7.191 | €8.417 | €9.753 | €10.585 | €10.585 | €12.651 | €13.877 | €15.213 | €16.045 | €16.045
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7.9.

Annual Costs Breakdown
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Figure 29 - Total annual investment costs for heating (including storage) technologies and PV

Electricity Costs
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Figure 30 - Total annual electricity costs from residential heating and non-heating demand
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Cast Costs
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Figure 31 - Total annual gas costs from residential heating

PV and mCHP feed-In Revenue
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Figure 32 - Total annual revenue from PV and mCHP feed-in
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