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Abstract: Next to building insulation, heat pumps driven by electrical compressors (eHPs) or by
gas engines (geHPs) can be used to reduce primary energy demand for heating. They come with
different investment requirements, operating costs and emissions caused. In addition, they affect
both the power and gas grids, which necessitates the assessment of both infrastructures regarding
grid expansion planning. To calculate costs and CO, emissions, 2000 electrical load profiles and 180
different heat demand profiles for single-family homes were simulated and heat pump models were
applied. In a case study for a neighborhood energy model, the load profiles were assigned to buildings
in an example town using public data on locations, building age and energetic refurbishment variants.
In addition, the town’s gas distribution network and low voltage grid were modeled. Power and
gas flows were simulated and costs for required grid extensions were calculated for 11% and 16%
heat pump penetration. It was found that eHPs have the highest energy costs but will also have
the lowest CO; emissions by 2030 and 2050. For the investigated case, power grid investments of
11,800 euros/year are relatively low compared to gas grid connection costs of 70,400 euros/year.
If eHPs and geHPs are combined, a slight reduction of overall costs is possible, but emissions would
rise strongly compared to the all-electric case.

Keywords: heat pumps; power grid; gas distribution; grid expansion planning; load-profiles

1. Introduction

One important aspect of mitigating climate change is the increase in energy efficiency, particularly
in the building sector. The European Union’s amended Directive on Energy Efficiency (2018/2002)
sets an energy efficiency target for 2030 of at least 32.5% improvement compared to the 2007
business-as-usual scenario [1,2]. The German government has set a goal of an 80% reduction in
primary energy consumption by 2050 compared to 2008 for the building sector [3]. The primary
energy consumption of the German building sector decreased by 18.8% from 2008 to 2017 while the
overall German primary energy consumption sunk by 5.5%. Space heating and domestic hot water
provision in private households accounted for 21.9% of the total final energy consumption in Germany
in 2017 [4].

The research field of future energy-efficient heat supply is manifold and consists of various
sub-research areas that overlap with other energy research questions. There are three main areas of
particular relevance for the present paper that are elaborated on later in this section. Firstly, heat pumps
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are an important technology with which primary energy consumption can be reduced [5]. They can be
evaluated in the light of energy management [6] and regarding their impact on grid infrastructure [7].
Secondly, this impact of heat pumps and other grid-connected heat generators can, in general,
lead to violations of operating limits in the respective infrastructure. Thus, grid expansion and
reinforcement planning is another relevant research area [8]. While past infrastructure was often
planned separately for different energy carriers, e.g., electricity and natural gas, integrated planning of
energy infrastructure has become increasingly important in recent publications [9]. Finally, an energy
system can be modeled with different spatial resolutions and levels of abstractions [10,11]. On a
regional level, geographical information (GIS) on buildings, streets, and existing infrastructure can be
included to find site-specific solutions and account for local characteristics.

One of the main instruments with which to reduce CO, emissions is better insulation of
buildings, thereby leading to lower thermal demand for each building that can be coupled with
an efficient thermal energy system such as a heat pump (HP) [5]. Innovative concepts exist to build
low energy, zero energy, or even plus energy buildings [12]. For existing buildings, however, energetic
refurbishment measures have to be applied to achieve lower heat demand and low flow temperatures,
which are suitable for efficient heat pump operation [13]. For some historic buildings, particular
regulations on conservation principles limit the options for energetic refurbishments, such as insulation
measures [14]. For buildings with higher energy demands, efficient gas-based heating systems with
innovative energy management are discussed to help to reduce CO, emissions at reasonable costs [15].
For instance, in [16], a combined control for hybrid systems consisting of photovoltaic solar panels
(PV) and combined heat and power (CHP) was introduced based on a model predictive control for
the electrical and thermal components and a short term, rule-based control for each component.
The new control can manage the PV-CHP system with higher efficiency, lower CO; emissions,
and lower operational costs. The model predictive control was successfully tested in the laboratory [17].
In [18], the authors also showed the flexibility potential of thermal-electrical systems using a model
predictive control, which could be used for market or grid-friendly behavior. Nonetheless, even with
highly innovative optimized control algorithms, natural gas-fired CHP plants have unavoidable CO,
emissions. To improve the primary energy factor, ambient heat can be used by heat pumps. Usually,
the heat pumps’ refrigerant circuit is driven by electric motors, and auxiliary heating coils might be
used. Besides that, heat pump systems are also available with gas-powered engines and additional
waste heat recovery. The emission and combustion characteristics of gas engine heat pumps (geHPs)
are shown in [19].

Various studies on geHPs for industrial and residential use were reviewed in [20],
which concluded that efficiency gains can be reached by using geHPs not only for space heating
but also for hot water generation. In-depth energy efficiency analysis of a geHP was conducted
in [21,22]; a primary energy ratio up to 1.83 was reported.

In the present study, the idea is to use different heat pump systems as a flexibility option in grid
planning, not in energy management. The heat pump hot water storage systems are assumed to have
rule-based controls based on leveling the storage temperature to supply the necessary space heating
and domestic hot water during a year.

The impact of heat pumps on an electrical distribution grid has been studied in great detail in [23]
and corrected in [24] as a function of building type and district properties. It was found that cable
overloading can be expected for large rural feeders at heat pump penetrations as low as 30%, depending
on the cable, while voltage problems start usually at slightly higher percentages. Additionally, building
characteristics show high correlations with the examined grid performance indicators, revealing a
promising potential for statistical modeling of the studied indicators. Electrical heat pumps and grid
integration were also discussed in the context of flexibility options and demand-side management,
e.g., in [25]. The authors show that ground source heat pumps are a very high-efficiency technology for
space conditioning in buildings, and present a high potential for electric load management as a flexible
load when combined with the thermal storage capacity of the building. In addition, the authors in [26]
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demonstrate that the combined use of a grid-connected PV system for heat pump water heaters has
a larger economic benefit than solar thermal heaters when combined with optimal scheduling and
therefore helps with grid integration of PV systems. An energy index was introduced in [27] to assess
plants, such as a PV system and heat pump, capable of producing electricity from a renewable source.
The index evaluates the bidirectional energy flows on the external power grid, in comparison to the
electricity demand of a building. None of these studies considered the costs of a gas distribution grid
and the effects of the gas heating systems when building owners changed their heating systems to
electrical heat pumps. Such effects can include costs for dismantling existing gas network elements.

Even if electrical heat pump systems based on renewable electricity will be a zero-emission
solution in the future, a high number of newly installed electrical heat pumps will lead to problems
with the electrical power grid, such as undervoltage and line overloading [28]. As a result, power grid
reinforcement measures are required to stabilize the grid. In addition, the start-up characteristics of
heat pumps can affect the power grid on short time scales [29]. This can also result in need for expensive
grid expansion measures [30]. Frameworks for distribution grid planning are introduced in [31,32].
The latter can be also used for large-scale networks, as shown in [33]. In the past, several aspects of
distribution grid planning have been studied. A comparison of meta-heuristics for meshed power
grids is elaborated in [34]. Optimizations of low and medium voltage grids have been done [35,36].
A novel approach wherein grid expansion is modeled together with asset management is shown in [37].
A geographic information system (GIS)-based approach was developed by the authors of [38]. In the
present study, we also used a GIS-based approach, which includes not only the electrical but also the
thermal characteristic of energy demand and its influence on an existing gas distribution grid.

A comparison of optimization methods of gas distribution grids is presented in [39]. The uncertain
necessity of dismantling parts of the distribution grid in different ways due to a possibly declining
natural gas demand has been recently addressed in [40]. The effects of increasing grid charges for
natural gas that incentivize energetic refurbishment have been further investigated in [41].

More research has been done on coupled gas and power grids. A new model for optimal joint
scheduling of power-to-gas and gas-fired generation units in a power-gas embedded grid was studied
in [42]. This work dealt with operational aspects of a combined infrastructure, not with strategic
planning. The authors in [43] analyzed combined planning for enhancing the power grid resilience.
A co-simulation approach of gas and power grids was used in [44]. The possibility of using the
co-simulation for grid planning was mentioned but not run in detail. A simulation tool for combined
power and gas infrastructure (SAInt) was developed in [45] and applied on a 158-bus power grid and
a 352-node gas network. However, the case study focused on security-related events and planning
was a minor aspect.

A survey on models of integrated power and natural gas grid coordination is presented in [46].
A model for integrated generation, transmission, and gas expansion planning is shown in [47].
In [48], a co-optimization using mixed-integer non-linear programming for modeling a 6-bus power
system with a 6-node gas network was shown to be an effective tool for a small number of nodes.
Additionally, a mixed-integer linear programming model for optimized integrated planning of
power and gas networks was developed in [49] and applied in a case study with an 18 node-power
distribution grid that was interconnected with an 18 node-gas network. In the present study, however,
no co-optimization approach was used, due to the larger size of the low voltage grid with around 3000
nodes. The focus here is on a techno-economic analysis using a high number of electrical and thermal
household loads in a German town for three different cases. A heuristic optimization was used for
cost minimal expansion planning of the power grid.

A review of GIS-based modeling of urban energy systems and the FlexiGIS platform is
described in [50]. FlexiGIS is an open-source GIS-based platform for modeling urban energy systems.
The framework relies mainly on spatial features of urban objects extracted from open databases such
as OpenStreetMap. GIS-based studies in [51,52] use the platform to allocate distributed battery storage
optimally in urban areas. The simulation and planning of the coupled grid infrastructure is not part of
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the FlexiGIS model and not mentioned in the literature review. The platform was developed for the
optimization of generation and demand of flexibilities in urban regions. In the present paper, we go a
step further and add detailed modeling of the gas and power grid infrastructure to the neighborhood
energy model of an example town.

In the following, we model both topics in great detail so that it is possible to derive the total
costs for a future energy infrastructure that is able to supply electricity and heat in a German town
for the years 2030 and 2050. On the one hand, the building owners’ perspective regarding deciding
on insulation and the type of heating system is modeled. On the other hand, the grid operator’s
perspective toward investing in the power and gas distribution grid to assure a reliable and efficient
network infrastructure is modeled as well. The innovation in this paper is to analyze the costs and
emissions of heat generation under consideration of different building ages and energetic refurbishment
variants in combination with the related costs for grid reinforcement in both the natural gas and the
low voltage network of a German town. Using this approach, in contrast to other studies, a more
comprehensive assessment of different heating technologies can be conducted, including the cost for
heat pump systems and infrastructure costs together. The study shows where a significant number of
costs are located and which type of heat pump could be used to minimize the costs but also to reduce
CO;, emissions.

In the context of grid expansion planning, this study presents the following main innovations:

e  The mutual investigation of power and natural gas distribution infrastructure for a whole town
using a pipe and power-flow grid analysis.

e Deriving open models from a large number and different types of public data only, creating a
highly diversified spatial and temporal resolution.

e Using a multi-perspective approach that considers electricity and natural gas grid investments,
heat pump costs, and CO, emissions for three cases.

The structure of the paper is as follows: First, the steps to model the existing building stock in
the town and electric and gas grid infrastructure are described in Section 2. Second, fixed numbers of
heat pumps are assumed to be added to the infrastructure by 2030 and 2050. Three cases are studied,
including (1) only electric heat pump systems being installed, (2) only gas engine heat pump systems
being installed, and (3) a mix of electric and gas engine heat pump systems being installed. Heat pump
related costs and emissions are presented in Section 3.1 for individual building types with different
building ages and three energetic refurbishment variants. In Section 3.2, the costs for all heat pumps
that are assumed to be installed in the town are summarized. The costs for grid expansion of the
power and gas grid depending on the number of electric and gas engine heat pumps are presented in
Section 3.3. In Section 4, the results are discussed for the three cases, and the conclusion on the costs
and CO; emissions of scenarios with different numbers of heat pump types are drawn.

2. Materials and Methods

The approach of evaluating the total costs and CO; emissions of planning an urban power and
gas grid is based on detailed geographic information system (GIS) data. An overview of the different
steps is shown in Figure 1. The data used in this study are all publicly available on the Internet as
open-data or derived from assumptions based on studies mentioned in the following paragraphs.
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Figure 1. GIS-based approach for evaluating the total costs for an overall future infrastructure plan.

The analysis was performed for the German town “Schutterwald” in the geographical region of
“Oberrhein” in southern Germany. The basic model of the studied town was built from GIS data of
buildings and streets derived from OpenStreetMap (OSM) [53]. Additional information from public
sources [54,55] on building age and energetic refurbishment was connected to the buildings of the
town. From this geographical connected information, the load profiles and the grid models were
derived. All buildings were treated as residential buildings, since commercial buildings are rather rare
in the focus area. Most of the town’s commercial and industrial area is located in the northern part of
the town, which is not considered in this study. The load profiles cover electrical and thermal profiles.
While the electrical load profiles were modeled for each building, thermal profiles were modeled for 12
different building classes with three different renovation standards and five different household types.
The electrical load profiles were then geographically connected to the power grid model. The power
grid and the gas grid model were also based on GIS data and were modeled based on publicly available
information [53-57]. However, assumptions had to be made if the level of detail from the sources was
not sufficient. The grids in this study can therefore differ from the actual grid in features such as cable
type and exact routing or transformer parameters and location. The thermal profiles served as input for
the gas consumption profiles and the future electrical load profiles, which were modeled for the grid
planning in 2030 and 2050. The gas and power grid connection point profiles were based on a model
of heat pump and storage systems including a rule-based control to apply the thermal energy for
space heating and domestic hot water for a household. In future scenarios, additional loads may occur
in the grid, e.g., more air conditioning units due to global warming, and electric vehicles. However,
these effects are out of the scope of the present study and require further research. From the resulting
time-series, the operating costs and CO; emissions for the buildings and thermal energy systems on
the one hand, and required grid infrastructure investments, on the other hand, were calculated.

2.1. GIS-Based Information

The GIS coordinates of the building were taken from OSM data. The buildings were classified in
accordance with the TABULA-building topology for Germany [58-60]. Twelve different periods were
classified according to their year of construction, as shown in Table 1 (“construction year classes”).
The state of energetic refurbishment was modeled by three different states:

e  Variant 1: “standard (no refurbishment).”
e  Variant 2: “moderate refurbishment.”

e  Variant 3: “advanced refurbishment.”
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Table 1. Different construction year classes for Germany as defined in [59].

Name Years

A 1859 and earlier
1860-1918
1919-1948
1949-1957
1958-1968
1969-1978
1979-1983
1984-1994
1995-2001
2002-2009
2010-2015

2016 and later

NFR—=—~TITOTMEHITN™

Variant 1 refers to the requirements according to the applicable energy efficiency guideline
for buildings in the respective construction year. Moderate and advanced refurbishments differ in
thickness of wall insulation, number of insulated walls and other refurbishment measures. A detailed
overview is given in [58,59].

The houses’ construction year periods in the example town were derived from the technical
report [54]. The result is shown in Figure 2.

background map © OpenStreetMap contributors

construction year period
(building centroids)
= n/a
= before 1949
= 1949 - 1968
= 1969 - 1983
1984 — 1994
after 1994
| . -
) .ll Y
i D . = u
U '.-..-., Ll e " e

2 n/a  before 1949 - 1969 1984 after
0 250 500 750 g 1949 1968 1983 1994 1994
[ —Eaaaaa— " ’ construction year class

Figure 2. The region of the investigated town Schutterwald. Each colored square depicts a household.
The color code describes the construction year class of each building (see legend in the right upper
corner and, in the right lower corner, the inset for distribution of the number of houses for each period).
Classification of periods based on [54].

The refurbishment variants were randomly assigned to the houses, based on a probabilistic
distribution. The distribution of the three variants within each construction year class was based on
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statistics of German stock of buildings [55] as depicted in Figure 3. Different household types with
one to four residents were randomly assigned to the houses, weighted by the census data for the
municipality [61]; see Table 2. The household type is needed to calculate the electrical and domestic
hot water load profiles.

7% 5% 0% 0%

100% 5%

0% gy W% [ a5 o OF

o 60% 64%

’E:: 40% 1% 7% 73% 74% | 75% 85% &
20% |

0% 3% 9% 3% 5% 1%
AB C D E F G H I J K L
construction year class

standard moderat refurbishment advanced refurbishment %% own assumption

Figure 3. Share of refurbished single-family and two-family homes of German stock of buildings
in 2009 per construction year class, adapted from [55]. Class A and B were not differentiated in the
reference. As no data for classes K and L were given in the reference, equal distributions to class J
were assumed.

Table 2. Shares of different household types in the investigated municipality, based on [61] (summarized).

Household Type Code Number Share

single, retired SRa 172 6%

single, employed S50a 537 18%

couple, employed, 0 children POa 1030 35%
couple, employed, 1 child Pla 520 18%
couple, employed, 2 children or more*  P2a 686 23%

* Other, bigger households were assigned to household type P2a, too.

In total, the model included 1506 houses; twelve construction year classes with three variants of
refurbishment, each completed by five household types.
The temperature and solar radiation data were taken from the weather year 2009.

2.2. Class-Based Electrical and Thermal Load Profiles

To reduce complexity, all buildings were assumed single-family homes. The electrical load profiles
without heat generators were generated using a bottom up load profile generator, which is presented
in [62]. The profile generator was based on adding up single household devices, such as a television,
coffee machine, and washing machine. The devices’ operating times were based on probability
functions so that each resulting profile was different from the others. The probability functions were
specific for different types of household members, e.g., children use the bathroom lightning earlier in
the evening than adults. To account for different usage patterns of electrical appliances and different
household sizes, five main household types were implemented representing the statistical distribution
of singles (employed/retired) and couples with one, two, or without children in the municipality
(Table 2). In total, 2000 different electrical load profiles for one year with a resolution of 10 minutes
have been computed using the load profile generator.

Space heating (SH) demand and domestic hot water (DHW) demand were computed using
another load profile generator that was developed in [63], similar to the method in [64]. It uses
occupation models for the five different household types for each of the 36 building types. The profiles
for space heating depending on the construction year class and the domestic hot water demand with a
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10 min resolution were also computed for one year. Based on those profiles, models of heat pumps
and thermal storage systems were applied to derive “grid connection point profiles”, i.e., electricity
and gas load profiles from the heat demand time-series that affect the power grid and natural gas
network (see Figure 1).

2.3. GIS-Based Grid Connection Point Profiles

A heating system was modeled by a heat generator unit and two insulated hot water tanks,
one for space heating and one for domestic hot water. The distribution of the heat within the house,
including radiators, in-house pipes, and ventilation systems, was not modeled explicitly in this study.
Distribution losses were taken into account by a loss factor. Three heat generator options were
considered to cover the heat demand

e  Natural gas-fired boiler;
e  Electric heat pumps with auxiliary heating coils (eHPs);
e  Gas engine heat pumps (geHPs).

The gas boiler models were based on Equations (1)—(4).

pn = (A + B -log;;(Pa))/100 1)
ppart = (C + D -1og;(Pn))/100 )
qpo = (E - PF)/100 ®)
Paux = (G 4+ H - PX) /1000 @)

with rated power Py; efficiency at rated and partial power #p, and #7pp.t; standby heat loss gpo; electric
auxiliary power Pa,x; and factors A-H and K according to standard DIN V 18599:5.

The coefficient of performance (COP) for electric heat pumps €.pyp was calculated from the ideal
COP and a system efficiency factor #p = 0.36 using Equation (5).

€EeHP = ﬁ HP ®)

with temperatures at the condenser T, and evaporator T, in Kelvin.

Like the electric heat pumps, gas engine heat pumps use a refrigerant cycle too. The compressor
is driven by a gas engine and the heat from the engine cooling cycle and exhaust gas is utilized by
additional heat exchangers. Thus, the overall efficiency was estimated according to Equation (6) with
relative exhaust heat 10ss gey j0ss = 0.25 [21], heat pump system efficiency 77p = 0.36 and gas engine
efficiency 7engine = 0.307 (assumption: full load, 1400 rpm) [65]. Currently, commercial gas engine
heat pumps are only available for rated power of 25 kW upwards but market availability of small-scale
geHPs could be reached within a few years [66].

€geHP = 1- Jex,loss T engine <TT_CT7]HP - 1> (6)
C e

The temperatures of the condensers in houses with regular, advanced, and ambitious energetic
standards are assumed to be 55 °C, 45 °C, and 35 °C, respectively. Ambient air temperature records of
a nearby weather station were used as evaporator temperature [67]. Since the lowest air temperature
in 2007-2014 was recorded for 2009 (—15.2 °C), the weather year 2009 was used for the simulations in
this study. Extreme winters may also occur in the future due to changes in atmospheric circulation
caused by climate change [68]. Thus, the risk of over-sizing the heating systems appears to be limited
but cannot be negated.
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The losses of the hot water tanks are calculated with Equation (7) (according to DIN V 18599:5)
and the stored heat energy is a function of the tank’s volume and temperature, see Equation (8).

kWh kWh
=04 .14 RV 7
Qloss,d 0 day +0 0.001 m3 day stor ( )
Wh

Qstor = Vstor * 1~163m AT 8)

with daily heat loss Qs 4, storage volume Vo, in liters, thermal storage capacity Qstor and difference
between the maximum and minimum storage temperature AT

The investments for heat generators and hot water tanks were estimated according to Equation (9).
All price parameters were assumed to stay constant for all investigated scenario years.

Cinv=a-X+b )

where a and b are factors shown in Table 3 and X is rated thermal power in kilowatts or storage volume
in liters [69].

Table 3. Assumed price parameters for heat generators [69].

Heat Generator Investments Maintenance Costs Depreciation Period
a b [% of Investment/Year]
gas condensing boiler 61 EUR/KW 4794 EUR 3.0 20 years
gas engine heat pump 163 EUR/kW 14797 EUR 4.5 20 years
electric air water heat pump 488 EUR/KW 7461 EUR 2.5 20 years
supplementary heating coil 100 EUR/kW 0 EUR 0.0 20 years
hot water storage tank 1120 EUR/m?® 806 EUR 0.0 20 years

Initial costs were converted to annuities, using an interest rate of iy, = 2.7 % for households
(average of [70-72]) and ipgo = 4.27 % for distribution system operators (see Table A9).

The energy carrier rates given in Table 4 were applied to calculate the heating systems’ fuel or
electricity costs. Emissions were calculated based on the emission factors given in Table 5 [73,74].
It has to be noted that only scope 1 and 2 emissions were taken into account; no scope 3 emissions
(production and mining). Possible emission changes for gas that may come from changing gas mix
were neglected.

Table 4. Prices for energy usage (all prices including VAT).

Energy Carrier Tariff Variable [EUR/kWh]  + Fix [EUR/Year] Ref.
electricity standard 0.283 96.39 [75]
. . . 0.231 (high load time)
heat pump tariff, 3 x 2 h blocking time 0.196 (low load time) 71.40 [75]
natural gas standard (18-50 MWh/year) 0.058 122.40 [76]
Table 5. Emission factors (scope 1 and 2).
Energy Carrier Scope  Emission Factor Reference
electricity (2017, domestic cons.) 2 537 gcoz-eq/ kWh [73]
electricity (scenario 2030) 2 217 gcoz-eq/kWh  calculated based on [77]
electricity (scenario 2050) 2 66 gcoz-eq/kWh  calculated based on [77]
natural gas 1 202 gcoz-eq/kWh [78]




Energies 2020, 13, 4052 10 of 31

2.4. GIS-Based Grid Models

Based on the existing building stock model, the town’s low voltage grid and gas distribution
network were modeled.

2.4.1. Low Voltage Power Grid Model

As the real low voltage grid of the town is unknown, a new grid model was created. According to
the classification presented in [79], three categories are applicable:

e  Synthetic, because it is not based on a real DSO grid model;
o  Example, because the main purpose is to illustrate different scenarios;
e  Benchmark, because it is used to compare different scenarios by derived grid expansion costs.

The grid model was derived from an open-source 10 kV medium voltage (MV) grid model called
“MV Oberrhein” that is provided as a synthetic grid in the Python package pandapower [32,80]. The low
voltage grids for each of the 14 transformers have been modeled using a semi-automated method that
includes the following steps:

1. The street lines downloaded from OpenStreetMap are segmented into sets of points with 1 m
distance and an individual ID, called grid-points, using the QGIS-plugin QChainage [81]. It is
assumed that cables are routed along the streets and each house is assigned to its nearest grid-point
using the extension NN]Join [82]. All grid-points that have no house assigned are deleted.

2. The remaining grid-points are connected to their assigned houses by cables of type NAYY 4x50.
To derive a preliminary grid structure, grid-points are connected to their nearest neighbor
in the same street with less than 40 m distance by cables of the type NAYY 4x150.
The parameters and locations of the MV /LV transformer stations are taken from the pandapower
grid “MV Oberrhein”.  All information is imported to PSS® Sincal to proceed with a
graphical interface.

3. The imported information is validated and existing errors due to the automated approach of grid
generation are corrected manually. For each transformer, a supply area is chosen and the respective
branches are connected by cables of type NAYY 4x150 to the LV-busbar of the transformer.
Crossing points of many cables are equipped with switch cabinets. A radial topology without
any galvanic connections between transformers is ensured by appropriate switch configuration.
The result is shown in Figure 4.

4.  For each house, a peak load of P = 2 kW and Q = 0.1 kVar is assumed, which represents a
cos(¢) of 0.96. With these values, a load flow calculation is performed to make sure that the grid
model is valid and the voltage and current of each cable, bus, and transformer stay within given
limits. Limits are chosen to be 0.9-1.1 p.u. for bus voltages, 60% capacity for cables, and 130% for
transformers (oil insulated) [83].

5. If violations of given voltage and capacity limits are found at this stage, switch measure,
direct connection to bus bars; or new, parallel cables are added until all restrictions are met.

6. The Sincal-grid model is imported to pandapower and by using the integrated converter of
pandapower-pro.

7. Theloads in pandapower are connected with the house data (construction year classes, the status
of energetic refurbishment, household type) from Figure 2.

8.  Time-series of load profiles for each of the 1506 household loads are matched using one of the
2000 generated load profiles.

9. A final load flow calculation for a whole year (all time-steps) is done to validate the grid and
make sure all the voltage and currents are within the given limits.

This electrical distribution grid is the benchmark grid for today and was used for the applications
of the different scenarios. All transformer tap positions were set to the second-lowest position (—1).
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The power flow was calculated using the open-source Python package pandapower [32,80]. A version
of the synthetic low voltage grid can be found in the Supplementary Materials as a pandapowerNet-file.

Ed= external grid (MV)

Figure 4. Synthetic electrical distribution grid of Schutterwald derived from open-source data.
Each color represents a galvanically connected low voltage grid (grid group) that belongs to one
transformer /external grid connection (squares). Due to the status of the switches, the different grid
groups are not galvanically connected on the low voltage side.

2.4.2. Natural Gas Grid Model
The gas distribution grid was modeled in STANET® [84] by applying the following steps:

1.  The raw network topology was derived from a map presented in [54].

2. Detailed information such as pipe diameters and types was derived from the gas network
operator’s online planning information platform [57] and was set in STANET® accordingly.
The backbone of the gas system is made of pipes of the type 180 PE 100; all other pipes are of type
125 PE 100.

3. The location of the city gate station (pressure regulator station) was taken from the route depicted
in the land utilization plan [56] and assumed to provide a constant pressure of 1 bar. It was
implemented as a constant pressure node in STANET®.

4. The buildings and their types that were set in the electrical distribution grid model were imported
to the gas distribution grid model.

5. Linear connection pipes from houses to the nearest natural gas pipeline were created by using the
STANET® function “Create house connection pipes”.

6. The STANET® grid model was exported as a CSV-file and imported into pandapipes,
an open-source Python package for pipe flow and network simulation [85], for further analysis,
e.g., on different lengths of house connection pipes.

7. Gas network capacity tests were conducted to find potential violations of the operation limits
(flow velocity and nodal pressure). For these tests, it was assumed that all houses in the model
were heated by gas boilers, except for those with an assigned heat pump. Then, time-series
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simulations were conducted in pandapipes. The highest gas flow velocity and the lowest nodal
pressure per time step were logged.

The resulting gas distribution grid is shown in Figure 5 and can be found in the Supplementary
Materials in the STANET®-CSV and pandapipesNet-file format.

gas grid connection costs [€]
(distance to grid)

= 1777- 3867 (<25m)

= 3867- 6247 (25-50m)

- 6247 - 11007 (50 - 100 m)
11007 - 15767 (100 - 150 m)
15767 - 20527 (150 - 200 m)

= 20527 - 33174 (> 200 m)

pipe types
e 180 PE 100 SDR 11
== 125 PE 100 SDR 17
=== 125 PE 100 SDR 11
pressure regulator
(city gate station)

Figure 5. Assumed connection costs for houses based on their linear distance to the natural gas grid

and the specific costs given in Table 6.

2.5. GIS-Based Grid Expansion Planning

Based on a scenario data of the INTEEVER project [77] scaled by the number of residents,
the numbers of heat pumps in the years 2030 and 2050 were set to 164 and 247, respectively. These heat
pumps can be realized as eHPs or geHPs. In the following, three cases are studied and compared for
calculating the costs for grid expansion planning of electrical and gas distribution systems.

e Case 1 “electric”: All heat pumps are realized as eHPs.

e Case2 “natural gas”: All heat pumps are realized as geHPs.

o Case 3 “mixed”: It is assumed that heat pumps are driven by gas engines for houses that are close
to the gas grid (less than 67 m linear distance). Heat pumps in other houses are implemented
as eHPs.

2.5.1. Allocation of Heat Pumps

Electric heat pumps are connected at the same bus as the household load. For a worst-case
scenario, it is assumed that no gas house connections exist or existing house connections are not used.
Thus, each geHP is connected to the closest pipe of the gas grid by a linear house connection pipe and
pipe investments are required.

The allocation of new heat pumps was not evenly randomly distributed like in other studies
but was based on the construction year class. It should also be possible to allocate new heat pumps
for a large range of numbers automatically. It should be based on given GIS information and include
a sufficient degree of variety to create sets of different samples for the same given number of heat
pumps. To achieve this, it was assumed that the likelihood of a house to be equipped with a heat pump



Energies 2020, 13, 4052 13 of 31

depended mainly on the age and degree of refurbishment. For the given stock of buildings, likelihood
points were assigned. As heat pumps are especially efficient with modern heating systems that require
low-temperature heat, houses with the energetic refurbishment variants “standard”, “moderate”
and “advanced”, received 1, 5, and 10 points, respectively. In a second step, today’s shares of heat
pumps in each construction year class in Germany were applied and the respective number of houses
received 100 points, starting from advanced refurbished houses. For example, 599,201 residential
buildings were completed in Germany between 2010 and 2015 (construction year class K), and for
184,110 (30.7%) of those houses, heat pumps were the main heat generator [86]. In the investigated
area, around 50 houses got the construction year class K assigned. Thus, 15 of these houses (~30.7%)
received 100 points for the heat pump allocation. The remaining 35 houses stayed at their initial 1, 5,
or 10 points. Twenty random allocations were computed for the year 2030 and the remaining heat
pumps for 2050 were added subsequently. For replicability, the heuristic’s random number generator
was initialized with different seeds (0-19) for each allocation. In each case, the same 20 allocations of
heat pumps are analyzed and either electric motors or gas engines were assumed.

2.5.2. Grid Analysis

For each sample grid, power flow and pipe flow calculations were conducted in pandapower
and pandapipes/STANET®, respectively. To limit the calculation time, the time-series was reduced
to time steps with a cumulative load of 90% or more of the annual peak load. From these time steps,
the one with the highest voltage band violation (i.e., lowest bus voltage) was used for the following
grid extension study.

2.5.3. Grid Reinforcement

Prior to the low voltage grid reinforcement study, switch measures were applied (i.e., opening
and closing of switches) by a hill-climbing heuristic for 5 min to balance line loadings and bus voltages
among the network. For this sectioning point optimization (SPO) heuristic, the weighted sum of voltage
violations and line overloadings was considered. The weighting factor for voltage band violations was
set to 15 and line loading violations were weighted by a factor of 1.5. Then, grid reinforcement and
extension measures were applied using hill-climbing and iterated local search algorithms from [33].
The allowed voltage band was 0.9 p.u. < up;s < 1.1 p.u. and the maximum line loading was 60%.
The following measures were allowed:

e Replacing overloaded cables or cables that were upstream of voltage band violations by cables
with increased diameter (NAYY 4x240).
e Adding parallel cables (NAYY 4x240) to replaced cables.

Subsets of those measures were evaluated by the heuristic optimizer to find a feasible solution
and improve it further towards a cost minimum. However, the solutions might not represent the global
minima due to a limited computation time of 30 min. Extension costs for the low voltage grid were
estimated based on Table 6.

Table 6. Assumed costs for low voltage (LV) grid extension and construction of natural gas house connections.

Conductor Costs Reference Depreciation Period
LV cable, NAYY 4x150 mm? 95,000 EUR/km [87] 40 years
LV cable, NAYY 4x240 mm? 114,000 EUR/km calc. from [87,88] 40 years
house connection gas pipe, DN 50 1488 EUR + 95 EUR/m [89] 45 years

In the gas grid, the operational limits are specified as minimum node pressure of ppin = 20 mbar
and maximum gas velocity Ugasmax = 18 m/s [90]. If these boundaries are violated, additional pipes
have to be considered.



Energies 2020, 13, 4052 14 of 31

3. Results

In the following, the results for different stages of the bottom-up approach are explained.
First, the results for the costs and emissions of single buildings are shown. As the effect of
different household types is relatively small compared to the influence of building age and energetic
refurbishment, only average values for all five household types are presented. Second, the costs
and emissions that were specified for each house type are summarized according to the assumed
distribution of buildings with heat pumps. Third, heat maps of bus voltages for worst-case time steps
are shown and the calculated required grid investments are given. Finally, the combined costs of heat
pumps and grid investments are compared for different cases.

3.1. Costs and CO, Emissions for Single Buildings and New Heating Systems

The calculated annual demands for space heating, hot water, and electricity (for household
devices, not for eHP) are summarized by household type in the Appendix A, Table A1l. The electricity
consumption increases with increasing household size. In turn, the space heating demands decrease
slightly, due to the waste heat provided by the electrical appliances. The DHW demand is almost
proportional to the number of household members. The simulated annual heat production and
efficiency values for eHPs and geHPs are listed for each construction year class and energetic
refurbishment variant in Tables A2 and A3. Figure 6 displays specific costs of heat generation for
different combinations of heating technologies and years of construction as well as their state of
refurbishment. Namely, electric heat pumps with an auxiliary heating coil, gas engine heat pumps,
and gas boilers are compared for the construction year classes E (1958-1968) and L (2016 and later).
For all heat generator options and years of construction, the required rated heat generator power—and
thus the investments—decrease with further energetic refurbishment. Gas boilers have the lowest
overall costs of generated heat, as they require the least investments. Required investments for geHPs
are 3.18-3.34 times higher than for gas boilers. For eHP, 1.95-3.72 times the investments for respective
gas boilers are necessary. Regarding energy costs, geHP are the most cost-efficient, particularly for
well-insulated buildings and buildings according to the latest energy efficiency guidelines.

60
var. 1 - energy consumption

=50 M var. 2 - energy consumption

<
= “‘E M var. 3 - energy consumption
2 E 40 var. 1 - depreciation, interest, O&M
"
g @ 30 var. 2 - depreciation, interest, O&M
O « M var. 3 - depreciation, interest, O&M
SRS
£ % 20 l I
- N

=t

- I I I I l I I I

0 I
eHP eHP

gas boiler geHP gas boiler geHP

1958 - 1968 2016 and later

Figure 6. Costs for heat generation for sample buildings of two construction year classes and three
energetic insulation variants. Average of five simulated household types.

Total annual costs (depreciation, energy consumption, maintenance, and interest) and CO,
emissions of different heat generators are shown in Figure 7 for the construction year classes E
(1958-1968) and L (2016 and later). In all cases, gas boilers cause the highest annual emissions.
The replacement of gas boilers by geHPs reduces emissions by 27-30%, 35-37% and 46-49%
(for variants 1, 2 and 3, respectively). For eHPs, the assumed electricity mix is essential. Using the
electricity mix of 2017, an eHP in a house constructed between 1958 and 1968 would eliminate between
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6% (variant 1) and 40% (variant 3) of CO, emissions. Assuming a further decline of fossil-fired power
plants (see Table 5), the savings rise to 62-76% in 2030 and 89-93% in 2050.
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8 8 + geHP
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annual costs [€/a]
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Figure 7. Calculated annual costs (depreciation, energy consumption, maintenance and interests)
and emissions of different heating options for single-family homes (construction year period 1958 to
1968 and 2016 onwards). Average of five simulated household types. Underlying numbers can be
found in Tables A4 and A5. For electric heat pumps (eHPs), the emissions are given for different years
(i.e., decreasing carbon intensity of electricity generation; see Table 5). Costs for energy and heating
systems were assumed to stay constant for all years. Possible emission changes for gas that may come
from changing gas mix are neglected.

3.2. Cost and Emissions for Investigated Buildings in Schutterwald

The GIS information of the buildings in Schutterwald and the method to allocate new heat
pump systems made it possible to calculate the costs and CO, emissions for all analyzed buildings in
Schutterwald together.

In the investigated cases, 164 and 247 heat pumps were allocated among the 1506 houses of
the town. Due to the partially randomized allocation heuristic, the distributions vary among the
construction year classes, energetic insulation standards, and household types. The distributions are
shown in Figure 8. Figure 8a shows the share of each construction year class and energy refurbishment
variant for one exemplary seed. Figure 8b,c present the distributions of heat pumps for 2030 and
2050 respectively.

The average total annual costs for 164 heat pumps are 494,000 and 416,000 euros in case 1—electric
and case 2—natural gas. For 247 heat pumps, these numbers rise to 736,000 and 624,000 euros.
In case 3—mixed, on average 67% of the heat pumps are implemented as geHPs and 33% as eHPs.
This is reflected proportionally in the heat pump investments and energy costs of 443,000 and
662,000 euros for 164 and 247 heat pumps in case 3. In Figure 9, the cost sensitivity to varied energy
prices and investment costs is depicted. In case 1, an electricity price increase of 20% leads to raised
overall costs of +11%. If the electricity price is lowered by 20%, case 1 has lower heat pump costs than
case 3 with default parameters (—2.2%). If required heat pump investments change by 20%, the overall
annuities change by 9%, 12%, and 14% in cases 1, 2, and 3, respectively.
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The heat pumps’ cost difference is relatively small compared to the difference in annual
CO; emissions. In the 2030 scenario, the heat pumps emit on average 505 tcoz-eq/a if they are
implemented as geHPs. In contrast, the same number of eHPs in 2030 causes on average 66% less
CO,. With decreasing carbon intensity of the electricity mix, this difference rises to 84% less CO,
from eHPs than from geHPs in 2050. The emissions in case 3 scale proportionally to the respective
eHP/geHP ratio.
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Figure 8. Resulting building stock and assigned heat pumps (example, for the seed “0”; variant 1/2/3
=no/moderate/advanced energetic refurbishment). (a) Derived distribution of total housing stock in
the town per construction year class and energy variant. (b) Share of selected buildings to be equipped
with a heat pump. Scenario with 164 heat pumps. (c) Share of selected buildings to be equipped with a
heat pump. Scenario with 247 heat pumps.
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Figure 9. Sensitivity of overall cost for heat pumps in the cases in year 2030/164 heat pumps.
Averages of all 20 seeds.



Energies 2020, 13, 4052 17 of 31

3.3. Required Grid Investments in the Gas and Power Grids

For each allocation of heat pumps, sectioning point optimizations were conducted in the electric
and mixed cases. If voltage band violations or line loading violations occurred, grid reinforcement
measures were added.

3.3.1. Case 1—Electric (eHPs)

From the sample allocation of 247 heat pumps shown in Figure 10, it can be confirmed that
the distribution among the town’s houses is not equal, due to the weighted random heuristic.
Thus, clustering can be observed in areas with younger buildings, in the western and southeastern part
of the town. In these areas, the grid load is particularly high. Table 7 gives an overview of lowest bus
voltages and maximum line loads for an exemplary allocation (for the seed “15”). Undervoltage occurs
at 54% of the busses but can be reduced to 4.8% of the buses by SPO; 68 lines (1.66 km) are overloaded;
that is, 5.0% of the total low voltage line length without house connection cables. The results show that
the violations can be significantly lowered by SPO. If the solutions of the automated grid reinforcement
planning are applied, all voltage and line loading limits are met.

The required grid extension measures differ highly between different seeds and the success of the
automated grid extension hill-climbing heuristic.

For some seeds, very few measures are required or sectioning point optimization was already
sufficient to meet all operational restrictions. Overall, the maximum required grid reinforcement
investments summed up to 161,994 euros in 2030 and 296,419 euros in 2050 with average costs per
allocation of 76,110 euros (2030) and 223,488 euros (2050).

=]
&
bus voltage [p.u.]
line loading [% of Ir]

W = external grid

O = household without heat pump

= household with operating el. heat
pump and resistive heating element

Figure 10. Synthetic low voltage grid of the town with 247 electric heat pumps
(case 1—electric, for the seed “15”). Line overloads and bus voltages at time step with lowest bus
voltage, prior to sectioning point optimization and grid extension.
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Table 7. Exemplary simulation results from pandapower (for the seed “15”): load at worst time step
(occurrence of lowest bus voltage) and lowest bus voltage and maximum line loading before and
after sectioning point optimization (SPO) and after automated grid reinforcement planning (with
cost-optimal cable reinforcement and parallel lines applied).

Case 1 Case 3
number of heat pumps 164 247 164 (47 eHP) 247 (76 eHP)
total load at worst time step [MW] 3.297 3.556 2.595 2.687
load caused by eHP [MW] 0.839 1.787 0.225 0.317
before SPO 0.832 0.796 0.847 0.833
lowest bus voltage [p.u.] after SPO 0.895 0.863 0.908 0.896
after grid reinforcement  0.901  0.909 0.919 0.900
before SPO 99.1 1334 79.1 90.3
highest line loading [%]  after SPO 924 1234 73.9 84.1
after grid reinforcement  58.8  59.27 59.3 59.8

3.3.2. Case 2—Natural Gas (geHP)

In this case, the same heat pump allocations as in case 1 were evaluated, but gas engines were
assumed instead of electric motors. The required gas connection pipes differ in length and were not
limited in this case. As shown in Figure 5, the majority of the town’s houses are closer than 100 m to
the natural gas grid. However, some areas are further away and the longest required connection pipe
has a length of 332.8 m.

This leads to higher grid investments than in case 1 with on average 1,237,127 euros in 2030 and
1,829,862 euros in 2050. These values are theoretical values and indicate an upper limit, as all pipes are
implemented as connection pipes. In a real system, the main distribution system may be expanded to
supply new demand areas. Thus, shorter house connection pipes would be necessary.

The capacity test shows maximum gas velocities of 13.5 m/s and nodal pressures between
0.80 bar and 1.00 bar in case 2 with 247 geHPs and gas boilers for the remaining 1259 houses.
Thus, no predefined operating limits are violated and no reinforcement or extension of the natural gas
network is required apart from house connection pipes.

3.3.3. Case 3—Mixed (eHPs and geHPs)

In case 3, both electric and gas engine heat pumps should be deployed. As a reasonable indicator
to estimate the house owners’ preference for one technology or the other, the house’s distance to the
gas grid and the respective connection costs were used. For young houses (construction year class
L-2016 and later, variant 1) the net present value for heat supply over 20 years is —64,706 euros for eHP
and —56,819 euros for geHP, not including connection pipelines. The difference, 7887 euros, equals the
costs for a natural gas house connection pipe of 67.2m length. Thus, this distance is considered as a
threshold in case 3.

As in cases 1 and 2, the same allocations of heat pumps were used in case 3. It was assumed
that all heat pumps that were closer to the gas grid than 67 m were driven by gas engines (geHPs).
Those heat pumps that were further than 67 m away from the existing natural gas network were
assumed electrically driven (eHPs). Since the electrical load was reduced (compared to case 1),
large parts of the power grid were without violations. However, some load clusters remained and
required grid reinforcement (Figure 11). In general, the violations of the admissible voltage range
and the maximum admissible line loads were lower than in case 1. In addition, sectioning point
optimization can reduce maximum voltage violations more effectively than in case 1 (see Table 7).
On average, this leads to reduced low voltage grid investments of 45.4% (2030) and 33.8% (2050)
compared to case 1. At the same time, 35.4% (2030) and 37.2% (2050) of the investments in gas grid
connection pipes calculated in case 2 are required.
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Figure 11. Synthetic low voltage grid of the town with 171 geHPs and 76 eHPs (case 3—mixed).
Line overloads and bus voltages at time step with the lowest bus voltage, prior to sectioning point
optimization and grid extension. geHPs are not represented in the figure.

3.4. Combined Costs of Heat Supply and Grid Investments

All grid extension and grid connection costs are summarized in Table A7 and shown in Figure 12.
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Figure 12. Box plots (n = 20) of calculated required grid investments for 164 and 247 deployed
heat pumps (left) and emissions caused by deployed heat pumps in 2030 and 2050 (right). See also
Tables A7 and AS8.

The combined costs of required grid investments per case and heat pump investments,
maintenance, and operation are shown with the average emissions in 2030/2050 in Figure 13.
For comparison, all costs and investments have been converted to annuities, as installed cables and
pipes have much longer lifetimes than heat pumps (see Tables 3 and 6). In all three cases, the required
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grid investments are low compared to the heat pump related costs. In the scenario with 247 heat pumps,
the highest shares of grid investments are 2.1%, 10.6%, and 4.7% for cases 1, 2, and 3, respectively.
The average grid investments and other cost components for each case are shown in Figure 14.
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Figure 13. Average annualized costs (grid investment, heat pump investment, and operation) and

annual emissions in 2030 and 2050 by heat pumps for cases 1—electric, 2—natural gas, and 3—mixed
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Figure 14. Annual costs in 1000 euros/year for heat supply of 247 houses with heat pumps and

connected required grid investments (annualized). Average of 20 seeds for each case.

In case 2, the cost advantage of geHPs (Table A6) caused by lower energy costs is to a large extent
compensated by the higher grid investments. On average, the overall annual costs of case 2 (gas) are
7% lower than in case 1 (electric), both in 2030 and 2050. In case 3 (mixed) a decrease in costs of 0.5%
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occurs, compared to case 2. The CO,-emissions of case 2 are by a factor of 2.9 (2030) and 6.3 (2050)
higher than in case 1.

4. Summary

4.1. Conclusions

Amongst others, three innovation highlights were addressed in this paper:

e  On the basis of a large number and different types of public data only, a low voltage and gas
grid model with a highly diversified spatial resolution has been created for an example town and
made available in the Supplementary Materials.

o  We did a mutual investigation of power and natural gas distribution infrastructure for a whole
town using a pipe and power-flow grid analysis.

e  For all three cases, we investigated grid investments, heat pump costs, and CO, emissions for a
multi-perspective approach.

A low voltage network for a town with around 1500 houses has been modeled in pandapower.
In addition, a simplified but realistic natural gas distribution network model has been developed in
STANET® for the same town. A model of the existing building stock of the town has been derived
from OpenStreetMap coordinates and has been enriched with realistic data on construction year
classes. Furthermore, information on the houses’ energetic refurbishment and household types has
been estimated based on detailed statistics. For each house type, different heat demand profiles were
simulated and electric load profiles for heat pumps as well as natural gas load profiles for gas boilers
and gas engine heat pumps have been derived. Overall, the models can be seen as synthetic with
realistic assumptions. They have been compared in terms of costs and emissions. For the majority of
the investigated buildings, it was found that eHPs caused higher specific CO;-emissions than geHP
in 2017. In 2030 and 2050 scenarios, however, the eHP emissions were around 50% and more than
80% below the geHP emission levels, respectively. The specific heat generation costs for eHP decrease
strongly with the increasing energetic refurbishment of the buildings. For buildings with little to no
energetic refurbishment, a cost advantage for geHP was observed.

Based of the load profiles, the effects of heat pump deployment on either energy infrastructure
have been analyzed regarding required grid reinforcement and extension measures. In the power
grid, a large share of bus voltage violations could be solved by SPO, which switches lines from one
branch to another. If around 11% of the buildings are equipped with electric heat pumps, little to
no grid reinforcement is required in the investigated model. For gas engine heat pumps, however,
significant grid connection costs can occur if the maximum connection length is not limited. If the
share of heat pumps rises to 16%, bigger clusters occur, and average required grid investments in the
low voltage power grid increase. Nonetheless, the electric heat pump case (case 1) requires just 12% of
the grid investments in the gas engine heat pump case (case 2) and causes 84% less CO; emissions (in
2050). If heat pump investments and operating costs are considered as well, case 3 comes on average
with 0.3% less annual costs and —28% CO; emissions in 2050 compared to case 2. If all remaining
geHPs in case 3 are replaced by eHPs, overall annual costs increase on average by 8.0% and CO,
emissions decrease by 78% (see Figure 13). The observed load clusters indicate the importance of a
neighborhood’s building characteristics (e.g., energetic refurbishment and age) for grid planning and
energy system modeling.

4.2. Discussion and Limitations

In the proposed method, multiple building characteristics (construction year, energetic
refurbishment, household type) are taken into account. The grid load analysis indicates that the
degree of energetic refurbishment has the strongest effect of grid stress. This is partly related to the
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assumption of decreasing heating temperatures with higher insulation but also shows the importance
of energy efficiency.

In the case study, some simplifications and assumptions were made that may have affected the
results. In particular, constant cost parameters due to neglected learning curves may have led to
overestimated investment costs for heat pumps. Additionally, the fact that present heat generators and
existing gas grid connections were not taken into account also led to higher cost estimations. Instead of
adding multiple individual house connection gas pipes, synergies could be used by extending the main
natural gas grid to reach new demand clusters. For this, the gas grid could be modeled in pandapipes
and an algorithm similar to the automated grid planning in pandapower [33] could be applied.

The buildings” heat demand was likely overestimated as well since the building stock was
assumed to stay constant and no refurbishments were taken into account. The distribution of the
heat within the house included radiators, in-house pipes, and ventilation systems. These systems
were not modeled explicitly in this study, but are important within the context of renovation and
usability of thermal systems with different temperature levels. Therefore, it is important to distinguish
between old buildings with low refurbishment standards and new buildings with low heat demand.
Enabling older buildings to use electrical heat pump systems could create much higher costs than in
younger buildings.

This work focuses on single-family homes. However, commercial, non-residential consumers
will likely have a strong impact on load in the power and natural gas grids. There are commercial
consumers, such as restaurants, cooking with natural gas, who may not be willing to change to electrical
systems. Solutions for such individual demands have to be taken into account in real urban systems.
As the natural gas composition was assumed to stay constant, the emissions were higher than in a
scenario with an increased share of green hydrogen, bio-methane, or synthetic fuel usage. Nevertheless,
for a comprehensive assessment of the emissions, supply chain emissions of electricity generation and
natural gas supply have to be taken into account as well. This could lead to remarkably higher indirect
emissions. Traber and Fell [91] reported a global warming potential (20-year horizon) of the natural
gas supply chain of 170-337 gcop-eq/kWhgye. Compared to scope 1 emissions of 202 gcoz /kWhgyel,
this implies an increase of emissions by 84-266%.

In addition, the investigated cases did not consider other developments that may increase the
need for grid reinforcement. In particular, increasing installations of solar PV, charging points for
electric vehicles, and the need for air conditioning units can be considered as potential drivers for
additional power grid investments.

The grid extension analysis was conducted for a dedicated town with specific infrastructure and
building stock characteristics. Therefore, the applied method will likely lead to different results in
other towns and further research is required to derive more general results.

4.3. Further Research

The calculations were done for a synthetic German town example and the numbers of new heat
pumps were taken from a national energy optimization model. However, the number was rather
low, so that 11% and 16% of the buildings were to be equipped with heat pumps in 2030 and 2050,
respectively. This leaves questions regarding efficient, renewable heating systems for the rest of the
buildings in the town. In Germany, the new installation of decentralized oil heating systems will be
forbidden, starting in the year 2025. Currently, more than 60% of the buildings in the example town
are equipped with such systems. An evaluation of cost and feasibility needs to be done for future
scenarios, including the change of all thermal supply systems in the town to a CO; neutral solution.

In this study, a simple control algorithm for heating systems has been used and static blocking
time slots set by the DSO were assumed. Advanced algorithms may lead to further variation in load
profiles and thus reduce simultaneity. This would lead to lower peak load and reduce required grid
extension measures. Furthermore, future research may check the usage of small-scale heat pumps for
each building against the possibility of installing district heating grids.
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The matching power and gas grid models that were created in this work can be used for future
research, in particular in the field of coupled power and gas distribution grids.

For municipalities with increasing numbers of heat pumps being installed, the case study provides
an initial impression in which operating costs, capital expenditures for households, and grid operators
arise and how they are distributed among the stakeholders. As a next step, the individual stakeholders’
investment decisions could be investigated in more detail and policy measures (e.g., regional incentive
programs) could be coordinated accordingly. However, the results of the case study cannot be
generalized without further research.

Supplementary Materials: The following network models are available online at http:/ /www.mdpi.com/1996-
1073/13/16/4052/s1: natural gas network in pandapipes-JSON format (pandapipes version 0.1.2), natural gas
network in STANET-CSV format, and low voltage power grid in pandapower-JSON format (pandapower
version 2.2.2).
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Oo&M operation and maintenance costs
OSM OpenStreetMap

prod. production
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SH space heating

WACC weighted average cost of capital
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Table Al. Simulation results for average (by household type) annual space heating demand, domestic

hot water demand, and electricity consumption of household devices. For each household type,

12 construction year classes with 3 energy refurbishment variants each were considered.

Household Type Space Heating [kWhy,] DHW [kWhy,]  EL Hh. Devices [kWh,]
single, employed 19,618 847 2263
single, retired 19,579 869 1912
couple, employed, no children 18,620 1707 3281
couple, employed, 1 child 17,827 2578 4207
couple, employed, 2 children 16,923 3455 4842

Table A2. Calculated electricity consumption, heat generation, and efficiency of eHP systems for

different types of single-family homes (average of the five household types).

Constr. Energy Heat El. Cons. Heat Prod. Annual El. Cons. Aux. Annual COP
Year Cla;;s Refurb. Demand eHP eHP cor Heating Coil (System of
Variant [kWh/a]l [kWhg/al [kWhy/a]l (eHP Only) [kWh,/a] eHP + Coil )

1 66,975 30,725 73,422 2.39 1856 2.31

A 2 22,812 8847 26,082 2.95 739 2.80

3 13,557 4116 16,051 3.90 488 3.59

1 40,965 19,244 46,207 2.40 1164 2.32

B 2 15,088 6035 17,938 2.97 499 2.82

3 9667 3030 12,027 3.97 372 3.64

1 59,076 27,184 65,014 2.39 1679 2.31

C 2 29,102 11,287 33,219 2.94 922 2.80

3 19,762 5857 22,555 3.85 712 3.54

1 32,674 15,403 37,145 241 884 2.33

D 2 14,130 5678 16,942 2.98 426 2.85

3 7991 2577 10,311 4.00 287 3.70

1 35,026 16,582 39,929 241 976 2.33

E 2 16,639 6577 19,554 2.97 549 2.82

3 10,125 3159 12,517 3.96 384 3.64

1 36,594 17,142 41,238 241 1043 2.33

F 2 17,809 7041 20,796 2.95 568 2.81

3 12,543 3843 15,033 3.91 491 3.58

1 29,902 14,126 34,050 241 853 2.33

G 2 17,219 6803 20,166 2.96 572 2.81

3 12,327 3782 14,843 3.92 474 3.60

1 24,728 11,810 28,476 241 674 2.34

H 2 16,176 6428 19,071 2.97 528 2.82

3 10,589 3298 12,964 3.93 393 3.62

1 15,938 7821 18,997 243 460 2.35

I 2 13,400 5453 16,252 2.98 413 2.84

3 9116 2865 11,396 3.98 367 3.64

1 13,988 6932 16,858 243 436 2.35

] 2 12,678 5168 15,487 3.00 404 2.85

3 10,318 3193 12,683 3.97 386 3.65

1 18,232 8839 21,419 242 528 2.34

K 2 16,358 6513 19,321 2.97 519 2.82

3 11,788 3631 14,335 3.95 442 3.63

1 15,178 7448 18,140 244 444 2.35

L 2 14,490 5826 17,331 2.97 482 2.82

3 11,611 3602 14,166 3.93 423 3.62
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Table A3. Calculated natural gas consumption, heat generation and primary energy ratio (ratio heat

output/fuel input) of geHP systems for different types of single-family homes (average of the five

household types).
Constr. Energy Heat Fuel Cons. Heat Primary
Year Class Refurb. Demand [KWhy. ../a] Prod. Energy
Variant  [kWh/a] fuel [KkWhy/al  Ratio

1 66,975 60,189 75,524 1.25

A 2 22,812 18,575 26,478 1.43
3 13,557 9514 16,451 1.73

1 40,965 37,224 46,770 1.26

B 2 15,088 12,633 18,148 1.44
3 9667 6893 12,007 1.74

1 59,076 53,214 66,817 1.26

C 2 29,102 23,615 33,590 1.42
3 19,762 13,692 23,420 171

1 32,674 29,579 37,250 1.26

D 2 14,130 11,768 16,942 1.44
3 7991 5715 9970 1.74

1 35,026 31,760 39,894 1.26

E 2 16,639 13,787 19,799 1.44
3 10,125 7205 12,531 1.74

1 36,594 33,183 41,760 1.26

F 2 17,809 14,788 21,165 143
3 12,543 8878 15,352 1.73

1 29,902 27,105 34,096 1.26

G 2 17,219 14,342 20,591 1.44
3 12,327 8686 15,003 1.73

1 24,728 22,614 28,495 1.26

H 2 16,176 13,433 19,252 143
3 10,589 7501 12,983 1.73

1 15,938 14,928 18,894 1.27

I 2 13,400 11,237 16,138 1.44
3 9116 6553 11,470 1.75

1 13,988 13,243 16,784 1.27

J 2 12,678 10,661 15,353 1.44
3 10,318 7275 12,685 1.74

1 18,232 16,937 21,404 1.26

K 2 16,358 13,608 19,523 1.43
3 11,788 8287 14,389 1.74

1 15,178 14,219 18,039 1.27

L 2 14,490 12,069 17,306 1.43
3 11,611 8209 14,224 1.73

Table A4. Annual costs (CAPEX, O&M, fuel) in euros/year and emissions in t coz-eq/year for different

heat generators in a single-family home, construction year period E (built between 1958 and 1968).

Existing State

Usual Refurbish-

Adv. Refurbish-

Information: EMF

(Var. 1) ment (Var. 2) ment (Var. 3) [6c0x/KWhiye]
Costs Emissions Costs Emissions Costs Emissions
oil boiler ~ 5311 13.7 3386 6.6 2714 4.1 266
gas boiler 4873 10.8 3197 5.0 2625 3.2 202
geHP 5320 7.5 3798 3.1 3263 1.6 202
eHP 2017 7809 10.9 4196 4.3 2983 2.1 537
eHP 2030 7809 44 4196 1.7 2983 0.9 141
eHP 2050 7809 1.3 4196 0.5 2983 0.3 66
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Table A5. Annual costs (CAPEX, O&M, fuel) in euros/year and emissions in t coz-eq/year for different
heat generators in a single-family home, construction year period L (built in 2016 or later).

National Minimum Ambitious Standard/ Advanced Refurbishment

Requirement NZEB (Var. 3) Information: EMF
(Var. 1) (Var. 2) : [gCOZ/kthue]]
Costs  Emissions  Costs Emissions Costs Emissions
oil boiler 3146 5.7 3114 5.6 2818 4.5 266
gas boiler 2987 45 2962 43 2713 35 202
geHP 3809 3.2 3669 2.8 3345 1.9 202
eHP 2017 4412 4.7 3926 3.8 3146 2.4 537
eHP 2030 4412 1.9 3926 1.6 3146 1.0 141
eHP 2050 4412 0.6 3926 0.5 3146 0.3 66

Table A6. Statistical description of overall annualized heat pump investments and yearly energy
costs in 1000 euros/a for each case (20 allocations per case). Qq, Qp, and Qs represent 25%, 50%,

and 75% quartiles.
Year Number of Heat Pumps Case Mean ¢ Min Q; Q, Q3 Max
1 - electric 494 6 480 491 494 500 502
2030 164 2 - natural gas 416 3 411 415 416 419 419
3 - mixed 443 3 438 440 442 446 448
1 - electric 736 11 707 730 737 741 759
2050 247 2 - natural gas 624 5 613 622 624 627 634
3 - mixed 662 6 646 659 663 667 672

Table A7. Statistical description of required natural gas and low voltage grid investments in 1000 euros
for each case (20 different allocations per case).

Year Number of Heat Pumps Case Mean ¢ Min Qg Q; Q3 Max
1 - electric 76 46 0 38 69 109 162

2030 164 2 - natural gas 1237 74 1097 1184 1238 1273 1376
3 - mixed 473 30 415 450 472 489 526
1 - electric 223 36 157 205 225 244 296

2050 247 2 - natural gas 1830 46 1740 1805 1828 1,873 1912
3 - mixed 757 44 679 725 775 794 829

Table A8. Statistical description of annual CO, emission caused by heat pumps in the scenarios in tcop-eq/a.

Year Number of Heat Pumps Case Mean ¢ Min Q; Q, Q3 Max
1 - electric 173 3 167 172 173 176 177
2030 164 2 - natural gas 505 8 489 501 504 513 515
3 - mixed 392 16 365 380 392 403 427
1 - electric 120 2 114 119 121 122 125
2050 247 2 - natural gas 753 14 718 745 753 761 783
3 - mixed 543 19 510 530 542 557 582

Table A9. Discount rate assumptions.

Parameter Value Reference
discount rate households 2.67 % average of [13,71,72]
equity interest rate DSO 6.91% [92]
debt interest rate DSO 1.33% 10 year avg. of YTM on German bearer debentures (2009-"18) [93]
equity ratio DSO 52.73 % [94]

discount rate DSO (WACC) 4.27 % own calculation
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