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Abstract: The fossil-based energy system is transitioning towards a renewable energy system. One
important aspect is the spatial and temporal mismatch between intermitted supply and continuous
demand. To ensure a reliable and affordable energy system, we propose an integrated system ap-
proach that integrates electricity production, mobility, heating of buildings and water management
with a major role for storage and conversion. The minimization of energy transport in such an inte-
grated system indicates the need for local optimization. This study focuses on a comparison between
different novel system designs for neighborhood energy and water systems with varying modes
of system integration, including all-electric, power-to-heat and power-to-hydrogen. A simulation
model is developed to determine the energy and water balance and carry out economic analysis to
calculate the system costs of various scenarios. We show that system costs are the lowest in a scenario
that combines a hydrogen boiler and heat pumps for household heating; or a power-to-X system that
combines power-to-heat, seasonal heat storage, and power-to-hydrogen (2070 €/household/year).
Scenarios with electricity as the main energy carrier have higher retrofitting costs for buildings
(insulation + heat pump), which leads to higher system costs (2320–2370 €/household/year) than
more integrated systems. We conclude that diversification in energy carriers can contribute to a
smooth transition of existing residential areas.

Keywords: energy system analysis; HT-ATES; hydrogen; local optimization; sector-coupling; storage;
system integration

1. Introduction
1.1. Motivation

In 2018, modern renewable energy production accounted for 11% of the total world
energy consumption [1]; in Europe, it was 18% [2]. The European ambition is to strive
towards climate neutrality in 2050 [3]. Our future energy systems will thus be very
different from current systems, with clear shifts to intermittent renewable resources [4].
Furthermore, energy systems will become more decentralized and multidirectional, with
energy production closer to the energy consumers, especially in the urban environment [5,6].
More local production reduces the transport of energy and thus reduces the need for
reinforcement of the energy infrastructure. These changes come with challenges to keep
the system reliable and affordable while increasing the share of clean energy. Energy
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conversion and storage will be essential to overcome the temporal and spatial mismatch
between demand and supply. Hence, there is a need for an integrated energy system,
which in the EU strategy on energy system integration is defined as “ . . . the coordinated
planning and operation of the energy system ‘as a whole’, across multiple energy carriers,
infrastructures, and consumption sectors” [7].

This definition of system integration is related to the principle of sector-coupling,
which means that different sectors, such as electricity, heat and mobility, are integrated into
one system [8]. In this paper, we mainly use the term system integration to describe our
approach, in which sector-coupling combined with conversion and storage are essential.
We refer to sector-coupling in specific cases when the term describes more precisely what
we mean.

While system integration is necessary at all levels of the energy system, in this study,
we will focus on the neighborhood level in the built environment. In neighborhoods with
increasing shares of decentralized energy production and different energy demands [9], system
integration could be very useful. To avoid energy transportation costs, it is sensible to try to find
a balance of the system as much as possible on a local scale, also known as local optimization.
Our future neighborhoods will probably have production peaks from photovoltaic systems on
roofs that need to be dispatched, while in winter, there is a peak in demand due to the low
efficiency of electric air sourced heat pumps installed for heat production. These peaks cause
pressure on the electricity network infrastructure. A simple solution would be to reinforce the
network infrastructure to enable transport of these amounts of electricity, but still, there will be
times when demand and supply do not match, either spatially or temporally. Thus, energy
storage will become an inevitable part of the energy system, including the conversion of excess
electricity at times of oversupply [10–12]. By coupling different sectors, such as the electricity,
heat and transport sector, it is possible to create a more integrated system and increase the
amount of local use of renewable energy [8,12,13].

The same line of reasoning can be applied to water. Because of climate change, we need
to adapt our environments to deal with both inundation and droughts. Again, there is
a challenge to have enough water at the right place and at the right time. By storing
rainwater at times of abundance, we could use it during periods of water scarcity. This
paper gives an overview of how we could store and use (rain)water locally. Without
the need to be completely independent of the water distribution network, the water
needs of a neighborhood could partially be fulfilled by its own rainwater storage and
distribution system [14].

1.2. Literature Research

The focus of this paper is on different designs for integrated energy and water systems
for neighborhoods. There is ongoing research into integrated neighborhood energy systems
with sector-coupling and decentralized energy production. A distinction can be made
between studies that mostly focus on power-to-gas [8,15–18], power-to-heat [19–22], or
both [23–28]. The power-to-gas studies couple the transport and electricity sectors by either
focusing on fuel cell electric vehicles FCEV [15–17] or including power-to-fuel [8]. These
studies mainly show the potential of FCEV for energy storage and production [15,16] or
for sector-coupling of the power and transport sector to deal with surpluses of electricity
and show the importance of a high spatial resolution for these calculations [17]. Nastasi
and Lo Basso (2016) did consider power-to-hydrogen, especially for application in the heat
and electricity sector, by adding hydrogen to CHP units and gas-driven heat pumps or for
synthetic methane [18]. They found that hydrogen can fulfill 5–35% of the energy demand
but excluded the transport sector.

Several studies focus on power-to-heat in neighborhoods, thus coupling the power
and the building sector (heat demand). Most of these studies include combined heat
and power (CHP) systems that use natural gas [18–20,23], or gas boilers in houses [21],
so they do not consider 100% renewable systems. Interesting findings are that decentralized
energy systems lower peaks in energy demands for buildings [19,29], but transforming
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existing neighborhoods to energy-neutral on a yearly or monthly basis is not possible due
to both economic as well as technological barriers [29]. Besides, Wouters et al. (2015) found
lower costs designs for a heating network and microgrid operation with energy exchange
between nodes [20]. Furthermore, Siraganyan et al. (2019) found that battery storage has
no significant advantage on costs and CO2 reduction [21].

Some studies combine both power-to-heat and power-to-gas with a focus on providing
heat and electricity in neighborhoods [23–25]. Gabrielli et al. [23] applied the concept of
multi-energy systems, including both power-to-heat and power-to-gas, with a focus on
minimizing total annual costs and total annual emission with a MILP. They included sea-
sonal storage for hydrogen and short-term sensible heat storage on a yearly time horizon
with hourly resolution. In a later publication, it was shown that power-to-hydrogen is
important to achieve zero operational CO2 emissions in a neighborhood and maximize re-
newable self-consumption [24]. Murray et al. [25] have made an extensive model, including
building data, building retrofit rates, included both hydrogen and thermal storage. Again
optimization was done both on CO2 emissions and costs. Their results pointed out that both
building retrofitting and renewable energy integration are necessary to meet the energy
targets for buildings. This is one of the few publications on energy systems for neighbor-
hoods that include seasonal heat storage, although it is modeled simplified with 1% heat
loss per hour. The economic calculations did not include costs for grid reinforcement.

Lastly, two studies combined both the electricity, building (heat) and transport sec-
tors [26,27]. The first is Maroufmashat et al. [26], who considered an energy network in
Canada with four hubs, including a school, a food distribution center, a residential house
complex and a hydrogen refueling station thus combining electricity, buildings (heat) and
hydrogen in one concept. Another example of integrated energy and water system is the
power-to-H3 concept that was introduced in our earlier publication [27]. This concept
includes both power-to-heat as well as power-to-gas (hydrogen). For heat, seasonal storage
is included as heat is stored at a temperature of 40–60 ◦C in a high-temperature aquifer
thermal energy storage (HT-ATES) system during summer to fulfill heating demand during
winter. However, the heat storage was modeled in a simplified way as the temperatures
of both aquifers were kept constant during the runtime, so decreasing well temperatures
during heat delivery were not considered.

Considering the literature on power-to-heat in neighborhoods, it is remarkable that
seasonal heat storage is never really included, while other studies indicate it can be an
economically favorable option for heat storage [30–32]. When heat storage is mentioned
in energy system publications, it is modeled over a short period or with simplified loss
factors. These papers then merely conclude that heat storage is only an option for short
periods (up until a week). This conclusion is related to the specific heat storage solutions
that are considered. For example, in the extensive review on power-to-heat technologies,
modeling approaches and flexibility potentials by Bloess, Schill and Zerrahn [22], only
hot water storage in tanks is assessed, and it is concluded that the capital costs are too
high. Brown et al. [28], on the other hand, did look at a European level and conclude
that both flexibility from electric cars, power-to-gas and long-term thermal energy storage
can contribute to integrating intermittent renewables and reduce total system costs. Still,
their analysis only includes hot water tanks. McKenna et al. (2019) [33] confirmed the
lack of seasonal thermal storage systems as part of multi-energy systems and worked on
the optimization of a tank thermal energy storage system. They found that high fractions
of renewable heat supply require large seasonal storage capacities, which leads to 14%
higher costs than a reference scenario with gas boilers. They conclude that a level of 60–80%
renewable heat supply could be strived for in combination with demand-side measures.
The potential of aquifer thermal energy storage, with lower investment costs than hot
water tanks, appears to have not been explored before. Thus, in the current literature on
power-to-heat and integrated energy systems for neighborhoods, seasonal thermal energy
storage has been underexposed.
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1.3. Focus of the Study

The studies from the literature review show the potential benefit of integrated systems
with various forms of system integration (i.e., sector-coupling). However, some aspects
show potential for further enabling, or better performance, of system integration. We focus
on the followings aspects of integrated energy and water systems, based on the caveats we
found in the literature:

- Consider 100% renewable systems, so excluding fossil sources, such as natural gas;
- Taking into account multiple consumption sectors in a neighborhood (electricity,

heating of buildings, mobility and water);
- Hydrogen can be used for more purposes than electricity only, as it can also be applied

in both the transport sector and for buildings (heating and electricity purposes);
- Seasonal heat storage can contribute considerably to the large seasonal, temporal mismatch.

The novelty of our work is thus to consider integrated energy and water systems for
existing neighborhoods based on 100% renewable energy, taking into account multiple
consumption sectors and different conversion and storage mechanisms (hydrogen and
heat). It is yet to be identified to what extent these aspects contribute to a better performance
of the energy- and water system in a neighborhood, both from a technical and economic
perspective. This brings us to the central research question:

What is the impact of different modes of system integration on the local energy and water
use, energy imports and exports, peaks in demand and supply and system costs for a
neighborhood energy and water system?

In this study, we evaluate the potential of integrated energy systems by comparing
four scenarios with different modes of system integration in an existing neighborhood.
Thereby we take into account the aspects mentioned above that are unexplored in current
literature. One of the main interests is to assess the impact of these different designs on
the local use, imports and exports, peak demand and supply and (energy) system costs of
the neighborhood. To answer the research question, a simulation model is developed to
allow for systematic assessment of the different modes of system integration. The focus of
this paper is on the energy system, while the contribution of water is done as a first-level
approach of supply, demand and storage based on rainwater in the neighborhood.

The modeling methodology is outlined in Section 2. In Section 3, different modes
of neighborhood system integration are described in four scenarios. The scenarios cover
a range, starting from one energy carrier (all-electric) towards systems that allow for
conversion between electricity, heat and hydrogen. However, this is not an exhaustive list
of possibilities; other renewable energy systems are also possible. In Section 4, the results of
the simulated scenarios are presented and analyzed, followed by a discussion in Section 5.
Finally, the conclusions are presented in Section 6.

2. Modeling Methodology

The model described here is an extended version of the power-to-X model that was
introduced together with the power-to-H3 concept in an earlier publication [27]. In this
publication, the different calculations are described in more detail and extended with the
energy demands and PV installations of households, electric mobility, electricity storage
in batteries, fuel cells and numerical groundwater modeling for accurate modeling of an
HT-ATES system. In Figure 1, an overview of the different model components and their
interactions is shown. On the supply side, rainwater, surface water (for the heat pump),
solar PV, wind turbines and the electricity grid are included in the model. Conversion and
storage technologies comprise rain water storage and purification, electrolysis, hydrogen
storage (tank and salt cavern), fuel cell, industrial heat pump, HT-ATES and a battery.
We have chosen to only model central hydrogen storage as it is much cheaper than local
(pressurized) hydrogen storage. Heat storage should be done locally, as heat transport over
long distances leads to high losses and high costs for heat transport. The HT-ATES system
includes a hot and a warm well to supply heat. It could also deliver cold when a third
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aquifer would be added to the system to create a triplet [34,35], but this is not covered in
this paper. The neighborhood demands exist of water, mobility (either FCEV or BEV), heat
(electric, district heating network or hydrogen) and electricity demand for appliances and
lighting. Furthermore, the households partially supply themselves with electricity via solar
PV on roofs. For the water demand, no specific design choices are made yet on how the
water will be used. Some options are elaborated in the discussion. The specific technologies
and component sizes that are combined in one system are chosen by the modeler.
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Figure 1. Schematic overview of the power-to-X model with all components and interactions. We distinguish a water (blue),
electricity (yellow), hydrogen (green) and heat (red/orange) part in the system, with multiple connections between, i.e.,
water and hydrogen, water and heat, hydrogen and heat and electricity and heat. The demands are focused on the built
environment, in which different houses with multiple demands are considered. Energy demands can be fulfilled locally by
PV on roofs or a local PV or wind park, but remaining demands can be fulfilled by the grid as well. All model components
shown in the figure are described in more detail in the supplementary information.

The model is created in Python and calculates the energy balance hourly for many
years of varying weather data (to be chosen by the modeler). The first model step is to
distribute the given (yearly) energy demands over time. Then, the supply of rainwater and
renewable energy (wind/PV/surface water) are calculated based on geographical weather
data. Next, the model tries to match energy supply and demand for every hour during
the runtime by applying the different conversion and storage technologies. The different
energy flows for supply, demand, conversion and storage result in an energy balance.
Lastly, we perform an economic evaluation combining costs data of all technologies with
the relevant parameters from the model run, such as the total volume of hydrogen produced
and/or the amount of electricity that is exported or imported to/from the electricity grid.

Some important system elements for which a fixed efficiency or factor is used are
summarized in Table 1. The numbers mentioned are targeted at a near-future scenario
(2030) when we expect these types of systems to be economically feasible and mature.
In the Supplementary Materials, the different model components are described in more
detail. This includes system elements not mentioned in Table 1 because there is no fixed
efficiency to mention (such as rainwater catchment or demand patterns for electricity and
heat of households).
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Table 1. Overview of fixed efficiency parameters in the model. A more elaborate description per system element is included
in the Supplementary Information.

System Element Energy Consumption/Efficiency

Solar PV
Hourly calculation within the model based on HOMER formulas [36], with irradiation and temperature as inputs

fixed 10% loss factor (shadow, dust, waste, cables)
fixed linear derating factor to 81% of original efficiency over 25 years

Electrolyzer 78.8% efficiency (HHV, 50 kWh/kg, on AC) [37] at 90% load
Industrial heat pump COPHP = 0.0028 (THP,cond − THP,evap)

2 − 0.3276
(
THP,cond − THP,evap

)
+ 13.021 [38]

House heat pump Air sourced: COPASHP = 6.08 − 0.09·(Tout − Tin) + 0.0005 (Tout − Tin)
2 [39]

Water sourced: COPWSHP = 9.97 − 0.02·(Tout − Tin) + 0.0012 (Tout − Tin)
2 [39]

H2 boiler 98% efficiency (HHV)
Heat exchanger Fixed heat loss of 1.5 ◦C

fuel cell 60% efficiency—(HHV)
Rainwater storage 70% recovery efficiency [40]

HT ATES Input temperature warm well 50 ◦C
Hydrological model (see Supplementary Materials Section 3.3) to determine the efficiency

District heating network (DHN) 2% energy use for pumping, heat loss determined per hour (see Supplementary Materials Section 4.2)

Battery
95% one-way efficiency [10,41]

25% (4C) charge/discharge rate [41]
max 90% depth of discharge (DOD)

Electricity grid 98% AC/DC conversion
BEV charging 90.7% charging efficiency [42]

The economic parameters, such as the investment costs (capital expense or CAPEX),
operation and maintenance (OM) and lifetime, are presented in Table 2.

2.1. Rule-Based Scheduling Strategy

The size of system components is not set by an algorithm within the model but
is defined by the user. For the calculations and scenarios in this paper, the following
scheduling strategy is in place to decide how supply and demand are connected within
the model. If certain system components are not part of a scenario, they are skipped in the
scheduling strategy.

Electricity supply from PV on houses is first used within the house itself (for appli-
ances, lighting, heat pump and/or BEV), then it is evaluated whether an excess of PV
electricity in some houses (i.e., a terraced house) could be used to fulfill the demand in oth-
ers (i.e., in a multi-apartment building with a shared roof). The next evaluation is whether
the industrial heat pump (coupled with the HT-ATES) could take up electricity, followed by
the electrolyzer. The heat pump is prioritized in the scheduling strategy because it needs to
produce enough heat for the heat storage system to provide heat in winter. There is a cap
on the amount of heat stored based on the yearly heat demand plus a loss factor, explained
in Supplementary Materials Section 3.3. Hydrogen can also be imported from outside the
system and thus has less priority. If after the houses, industrial heat pump and electrolyzer,
any electricity are left, it is stored in the (collective) battery, and when this is not possible,
the electricity is exported to the grid.

The electricity supply from local RES production (PV park or wind turbines) is first
used by the industrial heat pump coupled to the heat storage system, followed by the
electrolyzer. For this part of the supply, the collective installations are prioritized in the
scheduling strategy because it is assumed that those installations will be placed close to the
local RES production and can, therefore, reduce peaks in that part of the grid. Subsequently,
it is evaluated whether the households still have an electricity need, followed by storage in
the battery. Lastly, any surplus electricity is exported to the grid.

To fulfill an electricity demand, the prioritization is reversed. Hence, a household elec-
tricity demand is first fulfilled by their own PV system, followed by local RES production,
then the battery and the fuel cell. Finally, when the electricity demand is not yet fulfilled,
electricity is imported from the grid. The modeler can choose if the fuel cell functions
as a peak shaver (only when the grid has not enough capacity) or more as a baseload,
always fulfilling any leftover electricity needs up until its full capacity. The heat from the
electrolyzer and fuel cell is only reused when a district heating network (DHN) is in place.
In that case, the heat is first used to fulfill any direct heat demand. Any heat that cannot
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be used directly is stored in the HT-ATES system. In system designs without a DHN or
HT-ATES, the heat is denoted as heat loss.

Table 2. Economic component parameters used in the model.

CAPEX Lifetime OM Cost (% of Investment Cost
Unless Stated Otherwise)

Neighborhood systems
PV panels (park) 600 €/kWp [43–45] 25 1.5%
Battery storage 300.000 €/MWh [10,41] a 12 (4000 cycles) [10] 1%

Electrolyzer 500 €/kW [42,46,47] 20 [42] 2% [42]
Fuel cell (stationary) 500 €/kW b [37,46,48] 15 [48,49] 2%

Heat pump 400 €/kWth
c [48,50,51] 20 [48] 1% [48]

Heat storage system 0.1 €/kWhth [32] 40 [27] 1.5% [27]
District heating network d 6000 €/house [52] 40 2% [53]

Grid reinforcement e 862 €/kW [54] 40 1%
Household systems
PV panels (roof) 870 €/kWp [48] 25 1.2% [48]

Air-sourced heat pump f 6000 €/house [54] 15 2%
Booster heat pump g 1000 €/house [55] 15 2%

Hybrid heat pump, including boiler 4300 €/house [54] 15 2%
Adjustments gas network for hydrogen + new gas meter 373 €/house [56] 40 274 €/y/house h [57,58]

Electricity grid costs 308 €/y/house i [57]
Renovation costs—D-C j (13% energy savings)

Apartment/terraced 2940/4680 €/house [54] 40 -

Renovation costs—D-B j

(20% energy savings)
Apartment/terraced

4560/9600 €/house [54] 40 -

Renovation costs—D-A j

(34% energy savings)
Apartment/terraced

7320/19,200 €/house [54] 40 -

a Projected battery costs by IRENA for 2030 are 150 €/kWh, but it is unclear if this includes power conversion and balance of plant.
Therefore, the IRENA value was used as capital costs for energy capacity, while on top of that, data from Mongird et al. [41] were used to
make sure to include power conversion, the balance of plant and construction and commissioning. As Mongird et al. only give values for
2025, we have used the lower range values to estimate the costs for 2030. bsources range from 425–1500 €/kW for stationary systems, but
fuel cell systems for cars have much lower price expectations (250–300 €/kW [59]). We expect that developments in the transport sector
will also reduce the costs for stationary systems and have used lower range value here. c The cost for the heat pump is based on multiple
sources and supplier data. The heat pump capacity in kWth is calculated by multiplying the electric capacity (in kWel) with the average
COP of the heat pump over a run time. The costs include installation costs (which are approximately 50% of the investment cost). d Costs
for the DNH itself plus household installations for an outer city area. The OM costs mentioned in the source are actually 1%, but in this
paper, we look specifically at a low-temperature DHN with insulated pipes that probably needs more maintenance, and therefore, we have
multiplied this value by a factor of two. e This includes costs for the low voltage grid (=distribution grid) up until the transformer station to
the high voltage grid (=transmission grid), but no costs for the transmission grid itself because this study focuses on local optimization
and makes no concrete assumptions for the changes in the transmission grid. f Currently these costs are around 8000€/house, but we
expect a cost decrease of 25% due to learning effects by upscaling in production. g Included a 50% cost reduction to extrapolate to 2030
because, in 2020, it is still relatively new technology, so a large economy of scale effect is expected. h These costs are based on the current
fixed yearly costs for gas consumers, about 68 + 186 = 254 €/y [57] + extra costs concerning the expected changes in the inspection regime
when switching to a hydrogen of 20 €/y [56]. i Fixed costs for an electricity grid connection for consumers per year. j Costs for insulation
are based on gas demand related to energy labels for apartments and terraced houses in the Netherlands (2018) [60]. The gas demand is
converted to space heating energy demand through a correction for cooking gas, domestic hot water and the average efficiency of the
boiler [61] (p. 52/53) and finally the% of gas savings when renovating to a higher energy label (Dutch terminology for savings on building
energy use). An A-label house is comparable to what many European countries would classify a nearly zero energy building with an
energy consumption between 45 and 70 kWh/m2 [62]. The costs for retrofitting are calculated based on the average surface area of the
house [54] (p. 71). Insulation requires no maintenance, so no OM percentage is included.

If a heat pump is installed and needs the energy to heat up water from the hot well of
the heat storage system during winter (see Supplementary Materials Section 3.3), it is first
evaluated whether it could be fulfilled by the local RES production, followed by a possible
surplus of the PV systems on the households. If energy demand is still not fulfilled, it is
evaluated whether electricity is still stored in the battery or if electricity can be produced
by the fuel cell. Any leftover demand is fulfilled by import from the electricity grid.

Hydrogen production is always exported to the hydrogen gas grid, and hydrogen
supply is fulfilled by the hydrogen gas grid. If a DHN is in place, heat demand is fulfilled
first with heat from the electrolyzer or fuel cell (if available), then by direct production
from the heat pump (if available) and otherwise from the HT-ATES.
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2.2. Economic Calculations

Costs are defined here as system costs, represented as the costs per household per year
that include costs for electricity, heat and mobility. In the cost calculations, the levelized
costs per system component (LC) are determined according to Equation (1):

LCi = α ·CAPEXi + OMi +
8760

∑
0

Ecosti (1)

here LCi represents the annual levelized costs for a certain system component in (€/year).
Here the CAPEXi (€) covers the capital expenditures for a particular system component
I (i.e., the PV panels, the electrolyzer, compressor or storage tank) and OMi (€/year)
represent the operational expenditures for a particular system component. Ecosti (€/year)
are the electricity costs for a system component i. The capital recovery factor (α, no unit) in
Equation (2) represents a fraction of the total CAPEX cost. In this way, a constant yearly
value of depreciation is calculated based on the lifetime of the system component and the
discount rate.

α =
r

1 − (1 + r)−Li
(2)

With r the discount rate (as a fraction of 1) and Li (year), the lifetime of a particular
system component i.

The costs per household per year (HC) are then calculated according to Equation (3) by
dividing the sum of the yearly cost of all system components by the number of households
in the neighborhood:

HC =
∑n

i=1 LCi

Nhouseholds
(3)

A complete overview of all economic parameters per system component and some
general economic parameters are given in Tables 2 and 3. All costs mentioned here are
for the near future (2030). We have excluded investment costs in vehicles (BEV/FCEV)
as we expect these costs to become similar to fossil-fuel cars [37] and will be similar for
all scenarios.

Table 3. Other relevant economic parameters.

Discount Rate a 3% [63]

Grid electricity costs 2030 (100% renewable) b 115 (70–145) €/MWh [64]
Feed-in tariff c 57 €/MWh [65]

Extra infrastructure for peak capacity in all-electric scenario d All electric: 5 €/MWh [64]

Hydrogen import costs e

Production: 2.5 €/kg (1.5–3.5 €/kg) [37,47,58,66]
Storage: 0.2 €/kg [67]

Transport: 0.39 €/kg for 3000 km (0.09–0.17 €/kg for 1000 km) [66]
Total: 3.09 €/kg (1.8–4.55 €/kg)

a We assume one discount rate for the total system, while in reality, the discount rate will differ depending on if the investment is done by a
household (i.e., household PV system) or a company (i.e., a district heating network). Here we look at the societal costs, and therefore, we
have used a social discount rate. b The assumption made here is that the electricity used in the system is climate neutral. It includes costs
for production, transport, distribution and extra grid cost (due to more complex balancing in a 100% renewable energy system). The range
chosen by PBL is 70–145 €/MWh for 2030, with an average of 115 €/MWh for smaller users (<50 MWh/year). c Cuts on feed-in tariffs have
occurred globally for utility-scale systems [9], and with still decreasing costs for PV, feed-in tariffs for individual home power systems are
being reduced as well, at least in western countries. We expect a phase-out of the feed-in tariff, and therefore, we have chosen a feed-in tariff
equivalent to the expected market price for renewable electricity in 2030 [65]. d Due to more complex system balancing in an all-electric
system, extra overhead costs (for balancing the grid) are estimated at 5 €/MWh [64]. e The hydrogen storage costs are a calculation for ten
storage cycles (so closer to seasonal storage than daily storage), based on the cost numbers given in Roobeek et al. (2020) [67]. We do not
know exactly where the imported hydrogen will come from, but assuming a distance of 3000 km allows for import by pipeline from North
Africa, Ukraine [47] or southern Europe, regions with favorable climates for wind and solar power and low hydrogen production costs.

3. Neighborhood Scenarios

The neighborhood presented here is based on an actual neighborhood in Nieuwegein,
the Netherlands, but modified for generalization. The amount of houses (2000) corresponds
to an average European neighborhood as defined in earlier research into a transport and
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energy system for a neighborhood [15] and is close to an average Dutch neighborhood
as well [68]. The neighborhood has an electricity infrastructure, water and wastewater
distribution network and a natural gas network. Because 95% of the Dutch households are
heated by natural gas [69], we assume that a district heating network is not yet in place in
this neighborhood, but the density of the housing stock is high enough to install one. We
only consider the energy use of houses in the neighborhood and not nonresidential energy
use. Furthermore, it is assumed that every household owns a car.

The reference situation of the neighborhood is shown in Figure 2. The buildings
were build during 1975–1991 with 50% apartment buildings and 50% terraced houses.
The annual gas demand is calculated with 31.65 MJ/m3 natural gas, which is the average
value for the low-caloric gas used in the Netherlands. For an apartment, the annual gas
demand is 1020 m3 (9 GWh for 1000 apartments) and 1350 m3 (11.9 GWh for 1000 terraced
houses) for a terraced house, including space heating, tap water and cooking [70]. We have
used data on average gas use to determine the peak in gas demand [71] and used a boiler
efficiency of 1.0 based on the house types [61]. For 2000 houses, this results in average
hourly peak demand for gas of 980 m3 or 9.8 MWp,-gas with an average peak demand per
household of 4.9 kWp,-gas. The electricity demand is set at 3000 kWh/household/year
for a terraced home and 2400 kWh for an apartment, based on various data on Dutch
house types and building years [57,70]. Average electricity demand patterns were used
to divide the electricity demand over the year (see Supplementary Materials Section 5.3.1
and [71]). By using these patterns, the average peak demand for electricity per household
is 0.66 kWp-elec.
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Figure 2. Schematic overview of the reference scenario without local renewable production, conversion and storage and
with a gas grid for heating demand. This reference scenario has non-renewable electricity and natural gas as their energy
sources. The energy demands are based on an existing neighborhood with 50% terraced houses and 50% apartments
without solar PV. The houses have not yet been retrofitted and/or insulated.

The average peak capacity that the grid operators use for existing neighborhoods is
1.2 kW per household [54,72]. This means that when considering the simultaneity factor
for a neighborhood of more than 1000 households, the average peak capacity available per
household in a low-medium voltage grid station is 1.2 kW. We assume that some extra
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capacity is available in a substation that connects the low voltage grid to the medium
voltage grid. Therefore, we have assumed that for a neighborhood of 2000 households,
3 MW of capacity is available at the station (1.5 kW average peak capacity per household).
The electricity peak demand that we calculated for the reference situation (0.66 kWp-elec.)
of the neighborhood is almost a factor two lower than the value used by the grid operators.
A possible explanation is using hourly (average) data, which means that peaks that occur
on a shorter time interval within are flattened out. This flattening effect is more apparent
for the electricity demand patterns than for gas, as electrical appliances have a more
intermittent use pattern (water cooker, vacuum cleaner) than a gas boiler. It is important to
be aware of this in the further analysis as the peaks in electricity demand and supply will
probably be a conservative estimation.

With the reference situation of the neighborhood (Figure 2) as a starting point, we
created four scenarios based on 100% renewable energy sources. Renewable energy is
supplied by own decentralized PV on roofs, a small PV park, or via the electricity grid.
We have summarized the most important data about the neighborhood in Table 4. In the
reference situation, the houses have energy label D, but retrofitting to a higher energy label
is possible to reduce the energy demand for space heating, as specified in Table 4. Energy
demand for domestic hot water is set at 920 kWh/person/year (=3.3 GJ), which is based on
different building types and domestic hot water demands [61]. Because electric cooking is
not a common practice yet in the Netherlands, we included 175 kWh/household/year for
electric cooking on top of the average electricity demand for appliances and lighting [73].
All roofs are equipped with solar panels of 400 Wp, 12 panels on a terraced home (S-W,
45◦ inclination) and two panels (S, 36◦ inclination) per household on an apartment building.
Additionally, there is a PV park near the neighborhood of 2 MWp, again with 400 Wp panels
(S, 15◦ inclination). Wind turbines are not included in the scenarios as wind turbines are
not likely to be placed in or very close to existing neighborhoods. For mobility, we assume
that 70% of the houses have an electric car and 30% a hydrogen car. A BEV or FCEV drives
13,000 km per year [74] (average NL). With an energy consumption of 20 kWh/100 km, the
energy consumption is 2600 kWh/BEV/year [75–77], or 110 kg of hydrogen for an FCEV
with 60% fuel cell efficiency. For the BEV, we assume they charge 60% of the time at home.

Table 4. Energy demands and supply in the neighborhood.

Terraced Apartment Total

Number of houses 1000 1000 2000
Surface area per house 120 m2 60 m2 -
People per household 2.4 2 -

Solar panels on the roof 4.8 kWp 0.8 kWp (shared roof) 5.6 MWp roof PV
Local PV park - - 2 MWp

Energy demand domestic hot water 2200 kWh/year 1840 kWh/year 4 GWh/year

Space heat demand a

A—5590 kWh/year
B—6770 kWh/year
C—7365 kWh/year
D—8465 kWh/year

A—4045 kWh/year
B—4900 kWh/year
C—5330 kWh/year
D—6130 kWh/year

A—9.6 GWh/year
B—11.7 GWh/year
C—12.7 GWh/year
D—14.6 GWh/year

Electricity demand
(including electric cooking)

3000 kWh/year
+ 175 kWh/year cooking

2400 kWh/year
+ 175 kWh/year cooking 5.4 GWh/year

Mobility
BEV—2600 kWh/year
FCEV—110 kg/year

(4.333 kWh/year—HHV based)

BEV—2600 kWh/year
FCEV—110 kg/year

(4.333 kWh/year—HHV based)

BEV: FCEV = 70/30:
Electric cars—3.6 GWh/year (of, which

2.2 GWh/year at home charging)
Hydrogen cars—66 tons H2–2.6 GWh/year

a The letters refer to a specific energy label (A–D). An A-label house is comparable to what many European countries would classify a
nearly zero energy building with an energy consumption between 45 and 70 kWh/m2 [62]. The space heat demand is based on a gas
demand for a terraced house or apartment build between 1975 and 1991 in the Netherlands with energy label D [60]. From this number, the
energy demand for space heating is derived with a correction for cooking gas, and domestic hot water and the average boiler efficiency [61]
and then the energy demand is reduced by a certain percentage [54] related to insulating a house to obtain a higher energy label.

For weather data, such as irradiation, wind speed, precipitation and temperature,
we consider a northwest European climate. Data from the central weather station De Bilt
of the Dutch Meteorological Institute (KNMI) is used [78]. Simulation time is five years
(2010–2015) to consider yearly variation in weather conditions. This period is representa-
tive in terms of average temperature (with both warmer and colder years than average).
A representative point for a peak in heat demand by households was the especially cold



Energies 2021, 14, 2616 11 of 33

period in February 2012 when the temperature decreased to −18 ◦C. There is enough
variation between dry, wet and normal years for precipitation. The period was sunnier
than the long-term average, leading to a slight overestimation of the produced solar energy.
However, every year since 1999 has been sunnier than the long-term average, which points
in the direction of a trend to a sunnier climate in the Netherlands for the future and as we
look at the year 2030, we do think the irradiation data are representative.

For surface water temperatures, 10-min data from Rijkswaterstaat [79] are available
for the Lekkanaal (in Nieuwegein) and averaged to produce hourly values. If data are
missing, data from the last hour are repeatedly used until data appear again. In general,
this period is no longer than a couple of 10-min time intervals.

3.1. Design Choices

The focus of this paper is to analyze different designs with varying modes of system in-
tegration within a neighborhood, which leads to a different choice and sizing of conversion
and storage technologies. We strive to use as much energy locally as possible while there
still is a connection to the electricity and/or gas grid. We have chosen four scenarios that
represent different modes of system integration, yet other scenarios would be possible as
well. The designs presented here are either a well-known option (all-electric) or designs, in-
cluding techniques that we have identified as gaps in the literature (see Section 1.3) and/or
integrate more different energy carriers. A high-temperature district heating network
(>70 ◦C) is not considered because it is not yet in place and high-temperature heat sources
are not locally available. Low-temperature ATES systems (15–20 ◦C) are not considered
here as well, as these houses have no cold demand. For thermal heat storage, we have
chosen an HT-ATES system. We did not include hot water tank storage, which has been
done in other literature [22,25,28], because tanks do not provide enough storage volume
for seasonal storage. Pit thermal energy storage could have been another option, but free
space is needed to install the structure in the subsurface, which is not easily available
in existing neighborhoods. If the PV park is installed close to the neighborhood (<2 km,
to avoid heat losses) on a free space, such as a meadow, it could be possible to install
a pit thermal energy storage system under the PV park. With an HT-ATES system, the
necessary above-ground space to drill, install and operate the wells is relatively small,
while the system has a sufficient size to function as a seasonal energy storage system, and
the investment costs are relatively low.

A completely hydrogen-based system for space heating and tap water or fuel cells in
houses are other possible options to include in the design, but for now, we have chosen to
have one scenario with partly hydrogen-based heating demand. Thus, the scenarios chosen
are mainly an illustration of a line of reasoning and do not show results for all possible
100% renewable energy system designs.

Another aspect is that the storage and conversion of renewable energy outside the
neighborhood will not be modeled (outside highlighted area in Figures 3–6). These storage
mechanisms are larger than necessary for a neighborhood and generally used by a whole
region or country. They are placed at central locations outside the neighborhood and
are, therefore, outside the scope of this research. We do not know yet how storage and
conversion in the system on an (inter)national scale will be designed. Instead of modeling
the (inter)national energy system with many assumptions and high uncertainties, we have
chosen to represent the possible options by including a range of prices for the import of
electricity and/or hydrogen. In this way, we will be able to get insights on when system
integration on a local level can be beneficial concerning the price developments in the
overall energy system. We do, however, assume a 100% renewable-based energy system,
which does also imply that only green hydrogen is imported.
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Figure 3. Schematic overview of the all-electric scenario with the respective supply and storage capacities. This scenario
is based on 100% renewable electricity, either from local PV production on roofs or the local solar park or imported from
large-scale renewable capacity via the electricity grid. The system boundary is shown with a dotted line. Outside of the
system boundary, we do not model the electricity production, conversion and storage. However, we assume both electricity
storage (in the form of batteries or pumped hydro) and hydrogen storage (via electrolysis) in salt caverns are included in
the larger energy system. Because of the local PV production and electricity demands for, i.e., heat pumps, the original
grid capacity of 3 MW is not sufficient anymore for this neighborhood. The red numbers with the plus sign represent
the grid reinforcement that is necessary for this scenario. Inverters are not shown in this picture but are necessary for the
transformation of DC to AC electricity.
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Figure 4. Schematic overview of the all-electric H2 scenario that includes both an electrolyzer and fuel cell for local hydrogen
production and uses while preventing grid reinforcement. The electricity supply by PV and electricity demand is the
same as in the all-electric scenario (Figure 3), but instead of grid reinforcement, an electrolyzer (2.1 MWel) shaves peaks in
electricity export. On the other hand, the fuel cell has a sufficient capacity (1.75 MWel) to shave demand peaks, thereby
avoiding grid reinforcement. The fuel cell is utilized as a baseload installation in the system. The fuel cell would have a
very low usage otherwise (0.3% of the year). This scenario will import more hydrogen than electricity, so the effect of large
amounts of hydrogen import can be assessed.
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Figure 5. Schematic overview of the H2 hybrid scenario with power-to-hydrogen and using hydrogen for household heating
demand. The electrolyzer (2.1 MWel) is utilized for peak shaving on the supply side (PV on roofs and the local PV park).
The houses are retrofitted to a lesser extend (label C) than in the all-electric scenarios (see Table 4), which results in higher
heating demands. In this scenario, we have chosen to fulfill the heating demand with hybrid heat pumps with hydrogen
boilers. The hydrogen boilers assist the heat pump at cold periods (<−5 ◦C), and for tap water production, so the houses are
heated comfortably while demand peaks are reduced. The remainder of the electricity demand peak (3.8 MWel) is shaved
by the 1 MWel fuel cell, preventing grid reinforcement.
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Figure 6. Schematic overview of the power-to-X scenario with both power-to-heat and power-to-hydrogen combined,
including using heat from the electrolyzer for the heat storage system. The electricity supply peaks are shaved by the
electrolyzer (2.1 MWel) and the heat pump (2 MWel). The heat pump produces heat in summer with surface water as a heat
source and stores heat locally in aquifers (HT-ATES). The heating demand of the houses is fulfilled by a low-temperature
district heating network (40 ◦C), with booster heat pumps for tap water production.
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We now discuss the differences between the system designs of the scenarios. The
general scheduling strategy is applied to all scenarios (see Section 2.1), and only deviations
are mentioned. Energy demand and supply parameters are mentioned if they are not yet
included in Table 4.

3.2. All-Electric

The first scenario takes an all-electric approach and has no local conversion techniques
in place (Figure 3). It represents a reference model for a renewable energy system in a
neighborhood based on complete electrification, so with one energy carrier and limited
system integration. It does have a local battery of 4 MWh to increase the amount of locally
used energy within the neighborhood. In this scenario, the houses need to be retrofitted
thoroughly to provide both space heating and domestic hot water with air sourced heat
pumps. The maximum peak demand in this scenario will be 4.6 MWp, and the supply
peak is 5.1 MWp, which means there is a need for grid reinforcement because the electricity
demand and supply peak are higher than the current grid capacity (3 MW), mainly due to
the heat pumps and PV systems. The battery will not be able to reduce this peak capacity
because it is empty when the demand peak occurs (in the early morning hours during
winter) and full when the supply peak occurs (in summer at the middle of the day).

3.3. All-Electric H2

In this mode of system integration, we introduce power-to-hydrogen for peak shaving
of locally produced electricity. Simultaneously, there is the option to produce electricity
from hydrogen with a fuel cell to provide a part of the electricity demand. Concerning the
scheduling strategy, we have chosen to deploy the fuel cell as a baseload in the system.
This means that the fuel cell is first used to produce electricity before electricity is imported
from the grid. Hydrogen import is thus favored over electricity import here because only
installing a fuel cell as a demand peak shave unit results in a very low usage (ca. 0.3% of
the year), resulting in high OPEX costs that could be reduced by increasing the number
of full load hours. Therefore, we will be able to investigate the effect of importing large
amounts of hydrogen in a neighborhood on system costs. The battery is removed in this
scenario because the electrolyzer and fuel cell takes over its function. The size of both the
electrolyzer (2.1 MW) and fuel cell (1.75 MWel) are chosen such that grid reinforcement is
no longer necessary. The houses still need to be very well insulated (label A).

3.4. H2 Hybrid

In 95% of the (existing) neighborhoods in the Netherlands, there is a natural gas net-
work [54]. It could be an option to reuse the existing gas infrastructure for hydrogen [58,80],
further explored in this scenario. It is thus again a form of power-to-hydrogen, like the
all-electric H2 scenario. In this mode, we use hydrogen directly as an energy carrier in the
house itself. We look at a combination of a hybrid heat pump with hydrogen as a backup for
cold periods (<−5 ◦C) when the heat pump has a low-efficiency, and for domestic hot water
production. This hybrid design benefits from the high-efficiency of the heat pump, without the
need for electricity grid reinforcement because the hydrogen boiler can take over at times of
peak demand. Because the hydrogen boiler can assist the heat pump in creating the necessary
heat at a higher temperature, the houses are retrofitted to a lesser extent than the all-electric
scenarios (label C). This does however mean that the total heat demand is higher than for the
all-electric and all-electric H2 scenario (see Table 4).

Similar to the all-electric H2 scenario, we have included local hydrogen production
with an electrolyzer (2.1 MW) to reduce the supply peaks and a fuel cell (1 MWel) for
reduction of the demand peaks (max. 3.8 MWp). The fuel cell is again used as baseload;
see in Section 3.3 for a justification.
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3.5. Power-to-X

In this mode, we include both power-to-heat and power-to-hydrogen. There is a
synergy between those two conversion mechanisms as the heat from the electrolyzer can
be used for the district heating system and heat storage. Household heating is provided
with a low-temperature district heating network (40 ◦C). Moreover, small booster heat
pumps are installed with a capacity of about 0.5 kWel/2 kWth to produce domestic hot
water with 40 ◦C as input temperature. Water in the DHN is a closed-loop, and the tap
water is produced directly from drinking water and at a higher temperature (60 ◦C) at the
other side of the heat exchanger [81,82]. Therefore, the risk of growth of Legionella, an
opportunistic pathogenic bacteria, in water between 20 and 45 ◦C is minimized.

Because heat is now merely provided via the DHN, the electricity peak demand of the
neighborhood (2.4 MWp) is reduced compared to the other scenarios. As the electricity
demand peak is lower than the grid capacity, there is no need to install a fuel cell in this
scenario. The heat pump (2 MWel) size is chosen so that enough heat can be provided to
the neighborhood in winter. Although the heat pump is 2 MWel and should be able to
reduce electricity production peaks, we still need a 2.1 MWel electrolyzer. Because at a
cold but sunny day in February or the beginning of April, the heat pump is switched off
(surface water temperature is too low), while there is still an excess of electricity production
from households. The heat pump is thus not suitable to deliver peak shaving capacity
throughout the year. Hence, as solar production peaks do happen outside the summer
months as well, the electrolyzer is necessary for year-round peak shaving capacity.

4. Results

Based on the scenarios described in Section 3, model simulations were performed
to determine the energy balance and system costs for each scenario. In this section, we
compare the scenarios on their local energy and water use, monthly and yearly energy
imports and exports and peaks in demands and supply. As longer-term seasonal subsurface
storage is often not included in energy system designs for neighborhoods, we elaborate
on the functioning of the HT-ATES system within the power-to-X scenario. Subsequently,
a comparison of system costs is presented, including a cost breakdown for different system
elements and a sensitivity analysis on hydrogen and electricity costs.

Sankey diagrams of all scenarios are presented in Figures 7–10. Figures visualize
the yearly energy and water flows of the different scenarios based on five-year averages.
The Sankey diagrams show that the different scenarios vary in their mode of integration.
The all-electric scenario has three separate flows for electricity, hydrogen and water and
only uses electricity in households. In the other scenarios, the number of interconnections
for conversion increases as well as the different energy carriers used. All-electric H2 and
H2 hybrid show integrating power-to-hydrogen in different ways. In the fourth mode
(power-to-X), power-to-heat is added as well. Moreover, as Figure 10 shows, a connection
between power-to-heat and power-to-hydrogen is made by using heat from the electrolyzer
for the DHN.

4.1. Local Energy and WATER USE

The local energy supply (PV on roofs plus a solar park) in the neighborhood can fulfill
23–30% of its electricity demands (see Table 5). As the battery provides storage of locally
produced energy, the amount of locally used electricity is the highest in the all-electric
scenario (27% + 8% = 35%), followed by the power-to-X scenario (30%). The other two
scenarios have just under 25% direct local electricity use.
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Figure 7. Sankey diagram of the yearly energy and water flows in the all-electric system. Electricity, hydrogen and water are
three separate flows without integration. The households solely use electricity as their energy source. Part of their electricity
demand (3297 MWh or 27%) is fulfilled by local PV, 7800 MWh or 65% by import from the grid and 912 MWh or 8% by local
battery storage. Not all locally produced electricity can be stored in the battery or used directly, which results in 2506 MWh
of electricity export to the grid. Losses for electricity conversion will be a few percentage points and are not shown in the
Sankey diagrams. This will be done in a later stage of the system design and need to include DC/DC conversion as well.
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Figure 8 Sankey diagram of the yearly energy and water flows in the All-electric H2 system. 
Connections between water and hydrogen (for hydrogen production), and hydrogen and electricity 
(electrolyser and fuel cell) create a more integrated system in this scenario. The houses have electricity 
as their only direct energy source. 2,885 MWh or 24% of their electricity demand is fulfilled by direct 
use of local PV production and 892 MWh or 7% is imported from the electricity grid. The remainder of 
the electricity demand is fulfilled by the import of hydrogen and local conversion of hydrogen to 
electricity by a fuel cell (8,261 MWh or 69%). Local electricity production that could not be used directly 
is first converted to hydrogen (3,227 MWh), and if the electrolyser is working at full capacity, the 
remainder is exported to the grid (697 MWh).     

 

Figure 8. Sankey diagram of the yearly energy and water flows in the all-electric H2 system. Connections between water
and hydrogen (for hydrogen production) and hydrogen and electricity (electrolyzer and fuel cell) create a more integrated
system in this scenario. The houses have electricity as their only direct energy source. 2885 MWh or 24% of their electricity
demand is fulfilled by direct use of local PV production, and 892 MWh or 7% is imported from the electricity grid. The
remainder of the electricity demand is fulfilled by the import of hydrogen and local conversion of hydrogen to electricity by
a fuel cell (8261 MWh or 69%). Local electricity production that could not be used directly is first converted to hydrogen
(3227 MWh), and if the electrolyzer is working at full capacity, the remainder is exported to the grid (697 MWh).
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Figure 10. Sankey diagram of the yearly energy and water flows in the power-to-X system. An extra flow is added to the 

Sankey diagram to show the heat production, storage, and houses' heat demand when a low-temperature district heating 

Figure 9. Sankey diagram of the yearly energy and water flows in the H2 -hybrid system. The total heat demand (4794 MWh)
is higher than in the all-electric scenarios (3935 MWh) because the houses are retrofitted to a lesser extent. Instead, one extra
flow is added as hydrogen is now used in households directly for tap water and space heating in cold periods (<−5 ◦C),
still maintaining a sufficient comfort level. Local PV production fulfills 23% (2.610 MWh) of the electricity demand, and
the 1 MWel fuel cell provides 52% (5.803 MWh). As the fuel cell is smaller than in the all-electric H2 scenario, 2.872 MWh
(26%) of the electricity demand is imported from the grid. Local electricity production that could not be used directly is first
converted to hydrogen (3373 MWh), and if the electrolyzer is working at full capacity, the remainder is exported to the
grid (796 MWh).

Energies 2021, 14, x FOR PEER REVIEW 18 of 37 
 

 

 

Figure 9. Sankey diagram of the yearly energy and water flows in the H2 -hybrid system. The total heat demand (4794 

MWh) is higher than in the all-electric scenarios (3935 MWh) because the houses are retrofitted to a lesser extent. Instead, 

one extra flow is added as hydrogen is now used in households directly for tap water and space heating in cold periods 

(< −5 °C), still maintaining a sufficient comfort level. Local PV production fulfills 23% (2.610 MWh) of the electricity de-

mand, and the 1 MWel fuel cell provides 52% (5.803 MWh). As the fuel cell is smaller than in the all-electric H2 scenario, 

2.872 MWh (26%) of the electricity demand is imported from the grid. Local electricity production that could not be used 

directly is first converted to hydrogen (3373 MWh), and if the electrolyzer is working at full capacity, the remainder is 

exported to the grid (796 MWh). 

 

Figure 10. Sankey diagram of the yearly energy and water flows in the power-to-X system. An extra flow is added to the 

Sankey diagram to show the heat production, storage, and houses' heat demand when a low-temperature district heating Figure 10. Sankey diagram of the yearly energy and water flows in the power-to-X system. An extra flow is added to the
Sankey diagram to show the heat production, storage, and houses’ heat demand when a low-temperature district heating
system is installed in the neighborhood. The electricity demand of the houses is reduced compared to the other scenarios,
as only 354 MWh of electricity is used by the booster heat pumps for tap water production. The district heating network
makes a fuel cell for demand peak shaving redundant. The heat pump is shown twice in the Sankey diagram, although only
one large-scale heat pump is installed. This large-scale heat pump is used in summer to produce heat (Heat pump summer)
and partly in winter as well (HP-winter) to increase the temperature of the heat storage system to a sufficient temperature.
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Table 5. Percentages of the electricity, hydrogen and heat demand arranged per energy carrier (electricity, heat, hydrogen)
and scenario.

Electricity

All-Electric All-Electric H2 H2 Hybrid Power-to-X

Direct from RES 27% 24% 23% 30%
From grid 65% 7% 26% 70%

From H2 storage 0% 69% 51% 0%
From battery 8% 0% 0% 0%

Hydrogen
All-electric All-electric H2 H2 hybrid Power-to-X

Direct from RES - 15% 19% 60%
From H2 storage - 85% 81% 40%

Heat
All-electric All-electric H2 H2 hybrid Power-to-X

From electricity
(grid/RES) 100% 100% 67% 10%

From hydrogen - - 33% -
From heat storage - - - 90%

Next to electricity, there is local hydrogen production as well. The electrolyzer func-
tions mainly as a peak shaver and only works on local RES supply. Still, the hydrogen
mobility demand can be fulfilled for 60% (power-to-X) to above around 100% (all-electric
H2 and H2 hybrid) by local hydrogen production.

However, despite the local energy production, a considerable amount of energy import
is necessary for all scenarios. This shows that even in a neighborhood with a high potential
for PV plus some extra local production, there is still a high dependence on energy imports
if all energy consumption sectors are considered.

From the roofs and PV-park, a total of 33,000 m3 of rainwater can be collected each
year (see Sankey diagrams). The amount of pure water needed for the electrolyzer is about
340 m3/year, about 1%. If the entire water supply stream would be treated by an RO
installation, 30,000 m3 of water is available (after first treatment) for other water demands.
If this excess water would be stored in a subsurface storage system, on average, 20,500 m3

of water would be available—after recovery—for other purposes in the neighborhood.

4.2. Import and Export of Energy

In terms of total energy import, the all-electric scenario has the lowest amount of
total import (10.9 GWh/year, electricity and hydrogen import combined), followed by the
power-to-X scenario (11.2 GWh/year). The other scenarios have more hydrogen imports,
which reduces the import from the grid but increases the total energy imported in the
system to around 15 GWh/year in total. As expected, most energy exports and conversion
of energy to hydrogen and heat occur during the summer months. In an all-electric
scenario, 37% of the locally produced electricity is exported to the grid. This decreases to
10% (hydrogen scenarios) and 5% for the power-to-X scenario.

The role of conversion and storage on the import and export varies highly per scenario.
The battery of 4 MWh in the all-electric scenario can provide 8% of the total electricity
demand (see Table 5), whereas 65% of the energy demand is imported from the grid.
In contrast, the all-electric H2 scenario imports 70% of its energy from (central) hydrogen
storage, and the H2 hybrid system 50%. The power-to-X system has the highest percentage
of electricity demand fulfilled by the grid (70%). In contrast, the heat demand in the
power-to-X scenario is fulfilled for 85% by the HT-ATES. The H2 hybrid scenario has its
heat demand fulfilled by a combination of electricity (70%) and hydrogen (30%), while the
all-electric scenarios completely fulfill their heat demand with electricity. This variation in
heat sources and retrofitting level leads to a difference in energy use for heat pumps, as
shown in the Sankey diagrams.



Energies 2021, 14, 2616 19 of 33

More insight into yearly variations can be obtained from Figure 11, where each
monthly bar shows the amount of energy import (positive value) and export/storage
(negative value). Again, we see a pattern where scenarios with a (baseload) fuel cell have
more hydrogen import and higher energy demand. The power-to-X scenario has the most
balanced energy demand profile over the year because a significant amount of energy is
imported during summer to produce and store heat, which is used during winter.
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Figure 11. Monthly energy balance of the four scenarios, positive values represent energy use, while negative values show
the energy that is stored or exported. The all-electric scenario has the lowest overall energy demand because it has the
least conversion losses. The all-electric, all-electric H2 and H2 hybrid systems all show a seasonal pattern of lower energy
demand and more export in summer, and higher energy demand and less export in winter. The power-to-X scenario has a
more distributed energy demand pattern, as in summer, heat is produced with the large-scale heat pump (with surface
water as a source), and heat is stored for use in winter.

4.3. Peaks in Energy Demand and Supply

The scenarios have different peaks in demand and supply. An example is shown in
Figure 12, visualizing the net electricity demand of the neighborhood on a (very) cold day
in February 2012. Although cold, this day was sunny with enough production from the
roof solar PV systems to fulfill the electricity demand in the middle of the day. This peak in
PV production explains the sharp decline in electricity demand from the grid.

How heat demand is fulfilled is the determining factor that leads to the differences
between the graphs. The all-electric scenario fulfills the heat demand completely with
electricity, thereby creating a higher peak demand than the current maximum grid capacity
(black line). Therefore, the grid capacity in this scenario needs to be increased. The all-
electric H2 has the same electricity demand profile, but in this case, the fuel cell reduces
the peak demand in the morning and evening. In the H2-hybrid scenario, the hydrogen
boiler provides most of the heat demand as long as the temperature is below −5 ◦C. The
explanation for the little peak around 3 pm is the heat pump switched on because the
temperature is just above −5 ◦C, while the rooftop PV systems are not fully covering
this demand. From 4 pm onwards, the hydrogen boiler provides the heat again as the



Energies 2021, 14, 2616 20 of 33

temperature drops below −5 ◦C. Lastly, in the power-to-X scenario, the district heating
network does provide most of the heat demand plus a little electricity demand for the
booster heat pump producing tap water, but overall, the electricity demand stays well
below 3 MW for the neighborhood as a whole.
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Figure 12. Neighborhood peak demands during a very cold day of the simulation period (6 February 2012), with the outside
temperature on the second (right) axis. PtX is the power-to-X scenario. The current maximum grid capacity (3 MW) is
shown as a purple line. The all-electric scenario exceeds the current maximum grid capacity of the neighborhood due to
high electricity demand for heat pumps, combined with other electricity demand (cooking, appliances, electric car) in the
evening hours. The other scenarios have different ways to lower the demand peak, either by shaving the peak with a fuel
cell (all-electric H2), using hybrid heat pumps with hydrogen boilers (H2 hybrid), or a district heating network to fulfill the
heat demand (PtX). Another interesting finding is that this cold day was sunny as well, which explains the low electricity
import in the middle of the day when the roof PV systems fulfill the electricity demand of the households.

The example given here is, of course, an exceptional situation. Nonetheless, the peak
in electricity demand in the all-electric scenario is not an exception. During the runtime
analyzed (2010–2014), the electricity demand exceeds the existing grid capacity about a
hundred times a year in the all-electric scenario. In the other scenarios, the peak demand
never exceeds the current grid capacity due to the deployment of the fuel cell or the
existence of a DHN.

At times of peak supply from PV on roofs and the solar park, the all-electric scenario
has a battery to shave those peaks, while the other scenarios have a 2.1 MWel electrolyzer.
In Figure 13 is illustrated how on two sunny days in April, the battery in the all-electric
scenario cannot store the PV production peaks. Around noon, the battery is already full
and unable to reduce the production peaks between 12 and 2 p.m. This is not the case for
the other scenarios because they have the electrolyzer and/or heat pump to reduce the
peak at every hour of the day.
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Figure 13. Battery dynamics of the all-electric scenario during two days in April 2010. The graph shows how the energy
demand (demand) is fulfilled with PV (sum PV), electricity from the grid (bought grid) and from battery (from battery). The
surplus energy is first stored in the battery (battery capacity), and when the battery is full (4 MWh), energy is exported to
the grid (grid export).

The electrolyzer is used as a peak shaver and runs only on local renewable electricity.
This design choice impacts the load factor of the electrolyzer, which is between 14 and 18%
(ca. 1200–1800 full load hours); see Table 6. The industrial heat pump has a higher load
factor (33%) than the electrolyzer because it can import electricity from the grid to store
enough heat for the winter. In the three scenarios in which a fuel cell is installed, it has a
>50% load factor because it is utilized as a baseload unit. This means that fuel cell capacity
is used first to produce electricity before electricity is imported from the grid.

4.4. Zooming in on Long-Term Heat Storage

The power-to-X scenario includes HT-ATES, where heat is stored in aquifers. During
heat storage, water is extracted from a warm well, heated, and injected in a hot well. During
heat supply, the opposite happens, groundwater is extracted from the hot well, exchanged
with the return flow of the DHN via a heat exchanger and reinjected in the warm well.
The groundwater temperature at the wells changes during the simulated time of five years
and is shown in Figure 14. During the first phase of the winter, water from the hot well
is used directly to exchange heat with the return flow of DHN. At some point during the
winter, the heat storage system has cooled down too much to deliver heat directly to the
DHN. At that point, the HT-ATES system starts to use the heat pump to provide heat at the
right temperature in the most efficient way (see Supplementary Materials Section 3.3 for
the details on the exact operating strategies of the heat pump combined with the HT-ATES
wells). This also results in a sharp decrease of the warm well temperature as the heat
pump allows for further cooling of the flow entering the warm well, see arrow in Figure 14.
The yearly stored volume during heat supply and storage is 700,000 m3 on average and
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changes somewhat over time (see Table 7). For the five simulated years, the average heat
recovery efficiency is 71%. The recovery efficiency varies per year. If there has been a slight
oversupply of heat in one year compared to the actual heat demand, the heat that stays
behind in the aquifer can be reused in the next year. This effect explains why the recovery
efficiency can sometimes be above 100%.

Table 6. Load factors of main system components for all scenarios, based on a five-year average.

Load Factors in % All-Electric All-Electric H2 H2 Hybrid Power-to-X

Heat pump - - - 33.0
Electrolyzer - 17.5 18.3 10.9

Fuel cell - 53.9 66.2 -
PV park 11.4 11.4 11.4 11.4

PV houses 9.5 9.5 9.5 9.5
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and a decrease in the warm well temperature. 

Figure 14. Temperature of the hot and warm well over five years (2010–2015). The last five years of ten years of modeling
are shown, as the first five years were used to heat up the wells starting from background temperature (12 ◦C). After five
years, the system has reached an equilibrium state. The arrow shows the switch to a different operating strategy (see text)
and a decrease in the warm well temperature.

Table 7. Overview of the HT-ATES performance over five years, starting from the sixth year that the system is running after
it has been warmed up in years 1–5.

Hot Well
Efficiency

Warm Well
Efficiency

Yearly System
Efficiency

Heat Storage
(TJ)

Heat Supply
(TJ)

Volume Storage
(−1000 M3)

Volume Supply
(−1000 M3)

Year 6 103% 68% 85% 72.8 63.0 717 747
Year 7 64% 109% 54% 80.8 43.7 788 522
Year 8 85% 84% 70% 71.9 51.0 728 604
Year 9 95% 81% 81% 68.0 56.0 696 666
Year 10 71% 102% 59% 67.2 39.9 689 472
Average 84% 89% 71% 72.1 50.7 724 602

The heat demand of the neighborhood is fulfilled 85.5% of the time from the HT-
ATES system. Another 13% of the heat is used directly after production before it could
be stored. The heat from the electrolyzer and fuel cell fulfills 1.5% of the heat demand.
Lastly, electricity is used to elevate the return temperature of the DHN in winter when the
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hot well temperature decreases below 43 ◦C. This electricity use amounts to <1% of the
heat demand. To produce the heat, a total of 5720 MWh of electricity is used by the heat
pump, of which 1985 MWh came from local RES production and 3735 MWh from the grid
(derived from Figure 10).

4.5. Economic Results

Table 8 shows the volumes of electricity and hydrogen bought and sold in each
scenario, as well as the CAPEX of the system and the yearly costs per household for
electricity, mobility and heat (excluding taxes). In Figure 15, a breakdown of the costs
per household per year is shown. The costs include bars for discounted CAPEX plus OM
cost and separate bars for electricity/hydrogen import costs. Some of these costs will
most probably be made by, for instance, the grid operator (grid reinforcement) or the heat
provider (heat pump). Here we show the discounted costs if the costs made for a certain
scenario would be divided over all households, so they represent the societal costs and are
mainly meant for a fair comparison between the scenarios.

Table 8. Economic results of the four scenarios.

All-Electric All-Electric H2 H2 Hybrid Power-to-X

Total electricity bought (MWh/year) 7780 890 2870 9680
Total electricity sold (MWh/year) 2510 700 800 300

Total H2 used (ton/year) 66 415 340 66
Total H2 produced (ton/year) 0 64 66 36

Total CAPEX system (M€) 47 46 24 40
OM system (M€/year) 1.0 1.0 1.4 1.0

Ecost system (electricity + H2 in M€/year) 1.0 1.1 1.2 1.2
Discounted investment costs (€/year/household) 1820 1800 1480 1480

Electricity import costs (€/year/household) 400 30 140 550
Hydrogen import costs (€/year/household) 100 540 440 40

Costs per household (€/year)—see Figure 15 for breakdown 2320 2370 2070 2070

The total CAPEX costs are the lowest for the integration mode with hybrid hydrogen
heat pumps, the H2 hybrid scenario (24 M€). In this case, the costs for retrofitting are limited,
and the gas network is reused for hydrogen, which saves costs for new infrastructure. The
power-to-X scenario with both power-to-heat and power-to-hydrogen is about 16 M€ more
expensive, mostly due to investments in the district heating network and heat pump. The
all-electric and all-electric H2 scenarios are another 6–7 M€ more expensive than power-to-
X. In these scenarios, retrofitting costs (insulation + heat pump) are an important factor
in the cost breakdown (Figure 15). For an all-electric system with an air-sourced heat
pump, extensive insulation measures are necessary to keep the house warm with a low-
temperature heat system. As the H2 hybrid mode needs less insulated buildings, there is a
positive impact on the costs because the hydrogen boiler assists the heat pump at times
of peak demand and can deliver higher temperature heat. In line with this result, Table 8
shows a clear distinction between the all-electric and H2 hybrid/power-to-X scenarios with
a yearly cost difference of about 250–300 €/household/year.

If we compare the all-electric scenarios, we observe a similar CAPEX for both, but
the OPEX costs of the all-electric H2 scenario are 100 k€/y higher, mainly because there is
relatively more hydrogen import in this scenario.

The scenario with the most different energy carriers (power-to-X) has almost 70%
higher system costs than the H2-hybrid system, but the discounted costs per household are
the same. The higher investments in the power-to-X system are mainly due to the heat grid
(and the industrial heat pump), as these are long-term investments, the yearly discounted
costs are quite low. Additionally, the OPEX of the power-to-X system is 400 k€/y lower
than for H2 hybrid. This is a combined effect of smaller heat pumps, which leads to lower
OM costs (as we used a % of CAPEX for OM costs) and lower OM costs for the DHN
(as% of CAPEX) versus the fixed yearly OM costs for the maintenance of the gas grid.
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The DHN is installed locally, while the gas grid should also be maintained outside of the
neighborhood to provide gas from central gas storage locations.
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and OPEX (OM and electricity/hydrogen costs) and are divided over the 2000 households. The all-electric H2 scenario
has the highest costs (2370 €/household/year), mainly due to the high investment costs for insulation (retrofitting from
label D to label A), the heat pump and the import costs for hydrogen. The insulation and heat pump costs are important
cost factors because those are investments for each individual house. The scenarios with less retrofitting (H2 hybrid and
power-to-X) have more costs for conversion, storage and infrastructure (hydrogen and heat), but these costs are shared
among all households, resulting in overall lower costs per household.

The storage and conversion installations have a limited contribution to the yearly
costs per household, contrasting with the retrofitting/insulation costs (see Figure 15).
Although these installations require large investments, when discounted over the lifetime
and shared by 2000 households, the contribution to the yearly costs appears to be modest.
Infrastructure, on the other hand, has a larger contribution to the cost breakdown, mainly
maintenance of the gas infrastructure and the construction and maintenance of a DHN and
industrial heat pump. The grid reinforcement costs, however, have a minor contribution
to the yearly cost breakdown. In the all-electric scenario, the costs for the electricity grid
reinforcement are 50 €/household/year, or 2% of the total costs per household within
that scenario. These costs are comparable to the battery (70 €/household/year) or the
electrolyzer (50 €/household/year).

Two scenarios rely on hydrogen for 80–94% of their total energy import (all-electric H2
and H2 hybrid), while the other two (all-electric and power-to-X) rely on 70–86% electricity
import. As there is quite some uncertainty on the prices for both hydrogen as well as
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climate-neutral electricity, we have done a sensitivity analysis on these two economic
parameters. The price ranges found in the literature and mentioned in Table 3 are applied.
Moreover, we analyzed a low, middle and high price of electricity over a range of hydrogen
prices and vice versa. In this way, we get more insight into the combined effect of changes
in both prices simultaneously. The results are shown in Figure 16.
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hybrid system or power-to-X, which are the systems with the most conversion and storage mechanisms and diversification
of energy carriers in the households.

In general, we observe that the competition for the lowest cost option is always
between the H2 hybrid and power-to-X scenario. Even with very low electricity prices,
especially the costs for retrofitting still make the all-electric scenarios more expensive.

First, we look at varying electricity prices (Figure 16a–c). The electricity price should
be lower than 113 €/MWh for the power-to-X system to have the lowest system costs (per
household) with the average hydrogen price (Figure 16b). If the hydrogen costs turn out
to be at the low end of the range (1.8 €/kg), the H2 hybrid scenario will have the lowest
system costs as the electricity price is higher than 65 €/MWh. Moreover, if the hydrogen
costs eventually end up at the high end of the range, the power-to-X system will have the
lowest costs over the total electricity price range.

Second, we take a closer look at varying hydrogen prices (Figure 16d–f). The intercepts
between the system costs for the H2 hybrid and power-to-X scenario are around 2, 3, and
4 €/kg of hydrogen, depending on the electricity costs. With a hydrogen price of 4 €/kg,
the power-to-X scenario will most certainly be the lowest cost option for all electricity price
levels (up until 150 €/MWh).
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5. Discussion
5.1. Energy Balance
5.1.1. Local Production versus Energy Import

Creating a more integrated energy system has an impact on the energy balance of a
neighborhood. System integration modes with power-to-hydrogen (all-electric H2 and H2
hybrid) leads to 30% less export of locally produced electricity than an all-electric scenario
because of local conversion (and partly storage). For a scenario with a combination of
power-to-heat and power-to-hydrogen, this is even 35%. At the same time, the local hydro-
gen production can fulfill 60–100% of the hydrogen mobility demand in the neighborhood.
On the other hand, every scenario has a high amount of energy import, either in the form
of hydrogen or electricity, whereas we already assumed a high potential for solar PV in
the neighborhood. Therefore, we expect that the local renewable energy supply can fulfill
a maximum of 30–40% of the total energy demand (heat, electricity and mobility) with
currently available PV technology for existing neighborhoods. The import of energy will
thus still be important in future energy systems for existing neighborhoods, according to
our analysis. This finding is confirmed by other neighborhood studies [25,83].

5.1.2. More Stable Energy Distribution Pattern with HT-ATES

The all-electric, all-electric H2 and H2 hybrid scenarios show a seasonal pattern in their
energy import due to the higher heating demand in winter (see Figure 11) and, therefore,
rely on a central energy storage system. An exception is a power-to-X scenario with a
more distributed energy import over the year. In this case, the heat storage is filled during
summer, reducing the energy demand in winter. The combination of power-to-heat with
local seasonal heat storage systems could thus create more stabilized demand patterns.

5.1.3. The Impact of Electrolyzer and Fuel Cell Heat Integration on the Energy Balance

Lastly, we expected the combination of power-to-hydrogen and power-to-heat would
benefit the energy balance because the heat from the electrolyzer could be utilized in the
DHN or heat storage. However, the results show a modest 1.5% contribution of the heat
from the electrolyzer to the total heat demand. In this system design, there is thus no real
added value for the recovery of heat (as it would also require extra installations to recover
the heat). In earlier research, we have seen that the electrolyzer could fulfill up to 25% of
the heat demand if the electrolyzer has a higher capacity factor, which means that there
still could be a potential of coupling those two conversion technologies [84].

5.1.4. HT-ATES Recovery Efficiency

The average yearly system efficiency is 71%, and the hot well efficiency is 84%. The
literature on different HT-ATES systems gives values of 78–88% system efficiency at 100 ◦C
injection temperature [85], 77–86% for hot well efficiency at 61 ◦C injection temperature [86]
or 54–79% hot well efficiency with a cutoff temperature of 80 ◦C [87]. Thus, our findings
are within the range or at the higher end of the range compared to the literature. One
possible explanation is that the lower injection temperature of 50 ◦C positively impacts
the recovery efficiency of the hot well. Next to this, other papers often assume a volume
balance, while this is not the case for this HT-ATES system. This paper is one of the first to
include HT-ATES in analyzing a total neighborhood energy system and shows the potential
of this type of seasonal energy storage. Further development and analysis of HT-ATES
systems are necessary to get more insight into the potential of this type of seasonal storage
within integrated energy systems.

5.2. Water Supply and Possible Water Demands
5.2.1. Rainwater Supply and Storage in the Neighborhood

In the neighborhood, water could be collected both from roofs as well as from the
nearby solar park. In total, 33,000 m3 rainwater/year is available, of which the electrolyzer
only needs a fraction (1%). Hence, after treatment and storage, approximately 20,500 m3 of
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water is available for other purposes. To make this water available throughout the year,
a local storage system needs to be installed. There are multiple reasons to implement
local storage and use of rainwater. Rainwater storage systems help to prevent inundation,
increase water availability, and plant evaporation has a cooling effect that helps to reduce
the urban heat island effect. An example of a large-scale water storage system is an aquifer
storage and recovery (ASR) system [88,89]. Another smaller scale option is a blue-green
roof [90], although such a system is often not combined with solar panels.

5.2.2. Possible Water Demands

The storage of collected rainwater could be deployed for plants in (communal or
private) gardens, as well as for irrigation of the vegetation in the public spaces of the neigh-
borhood. Furthermore, rainwater has a very low salt concentration (<20 mg Cl-/L) [88],
even compared to drinking water (50–130 mg Cl-/L) [91]. This is an advantage for the
production of pure water because the recovery factor of the RO increases, and there is a
slight reduction in energy demand for desalination. Pure water is the source of hydrogen in
the electrolyzer. However, next to that, it could be used for more industrial purposes inside
or near the neighborhood, such as a car wash or laundry. Purifying rainwater for house-
hold purposes is an option as well. The water demand per household is 102.7 m3/year, of
which the toilet, dishwasher and washing machine appear suitable for applying RO-treated
rainwater, which would add up to approximately 46 m3/household/year [92]. The supply
of 20,500 m3 would then cover about 20% of this water demand. A study on rainwater har-
vesting in the Netherlands found that if water from pavements would be included as well,
about 50% of the water demands of a neighborhood could be covered by rainwater [93].
A more thorough analysis of the possible system layouts, future water demand patterns
and costs would be a topic for further research.

5.3. Peak Demand and Supply
5.3.1. The Effect of Power-to-Hydrogen on Peak Demand

The results in Section 4.3 have shown that integrated system designs that include
power-to-hydrogen are better able to deal with peaks in supply and demand than an all-
electric scenario. Supply peaks caused by PV production are converted to hydrogen by an
electrolyzer, which offers a more continuous capacity for peak shaving than the battery in
the all-electric scenario. Moving towards a combination of different energy carriers instead
of solely electricity thus has a positive effect on peak demands and supply within the
neighborhood. However, we should note here that smart battery use was not thoroughly
analyzed, as well as vehicle-to-grid options. If the battery would also be able to import
electricity from the grid and provide that at times of high electricity demand, the demand
peak in winter could decrease. In combination with the curtailment of PV production peaks
in summer, there would probably be less need for grid reinforcement [94]. However, even
if smart battery use would be included, we still think our estimation for peak demand in
this research is reasonable because of the conservative estimation for peak demand (see
Section 3). The option of vehicle-to-grid could also offer flexibility during peak times [95]
and would be interesting to include in the model in the future. Including BEV as the battery
capacity is, however, subjected to more restrictions than stationary batteries.

5.3.2. More Potential for Peak Shaving with Power-to-Heat and Power-to-Hydrogen

In the power-to-X scenario, there could be more room for peak shaving than was
shown in the results. The power-to-X has a similar-sized electrolyzer compared to the other
scenarios (2.1 MWel) next to a 2 MWel heat pump. The electrolyzer could probably be of
a smaller size if the heat pump would be used more smartly. At times when the surface
water temperature is not high enough, the heat pump is now switched off. An alternative
is to increase the temperature in the DHN for a short period to reduce peaks in the local
electricity grid. This option was not included in this study but could be looked into in
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future research to further optimize this scenario. Thus, integrating hydrogen or heat could
offer even more peak shaving to the energy system than shown in this paper.

5.3.3. Other Flexibility Services of Power-to-Heat and Power-to-Hydrogen

Besides reducing local peaks in demand and supply, both the heat pump and the
electrolyzer could offer flexibility to the grid by buying at moments when there is an
oversupply on the grid. The heat pump has a 33% load factor, but if only the hours during
summer are considered (when the surface water is warm enough), the load factor would
be approximately 70%. By shifting the running hours of the heat pump within the summer
season, flexibility to the grid could be offered. The potential for load shifting and peak
shaving is even higher for the electrolyzer, which currently has a load factor of 14–20%. The
potential of offering flexibility to the grid was not analyzed in this study and could not be
calculated because fixed electricity prices were used. Although fixed tariffs for consumers
may continue to exist, the actual wholesale prices for electricity will become more volatile
with high shares of renewables. Other research has shown that offering flexibility with
a heat pump [96,97] or electrolyzer [98,99] could be feasible (i.e., targeting low electricity
prices) and could be something to apply to these scenarios in future research.

5.4. System Costs
5.4.1. Diversification of Energy Carriers Lead to Lower System Costs

The sensitivity analysis has shown (see Figure 16) that the “tipping points” for the
switch between the H2 hybrid and power-to-X scenario as the lowest cost option are
actually within the possible price range of both electricity and hydrogen prices. Yet, we
can conclude that in any case, integration modes with more diverse energy carriers (heat,
electricity and hydrogen) do lead to lower system costs (250–300 €/year/household) than
the all-electric scenarios with electricity as the main energy carrier.

As explained in Section 3.1, this publication has not shown all different possible system
designs for neighborhoods. Eventually, every neighborhood has its specific circumstances
and (im)possibilities that need to be considered. However, based on the results, it could
be interesting to compare more system designs with hydrogen in future research. For
example, a design with fuel cell micro-CHP systems could be interesting as they both
produce heat and electricity to be used directly within the house. Developments towards
reversible hydrogen systems (combined electrolyzer/fuel–cell in one system) have an even
larger potential as they can reduce demand and supply peaks at the household level. In
summary, we see that modes of system integration with more diverse energy carriers lead
to more complex systems, but because they can provide energy in multiple ways, they are
more robust.

5.4.2. Retrofitting as an Important Factor in Energy System Costs

A factor that is often mentioned as an advantage for integrated systems is the reduction
in grid reinforcement costs. However, this analysis shows the grid reinforcement cost within
the neighborhood, for the low voltage grid up until the transformer station, is a small factor
in relation to the total system costs for end-users, such as households. Alternatively, the
costs for insulating existing buildings have shown to be one of the most important cost
components that determine the total yearly costs. Because the all-electric modes need a high
level of insulation to be compatible with a low-temperature heating system, those scenarios
are the most expensive. This is in line with a recent report by the Dutch Environmental
Assessment Agency (PBL). The report concluded that the costs for insulation of a house
from energy label D to B do not outweigh the energy savings (over 30 years) and are not
financially attractive for house owners [100].
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5.4.3. Local Hydrogen Production to Electricity Is More Expensive Than Using
Electricity Directly

The all-electric H2 scenario is a mode where hydrogen is introduced as an energy
carrier besides electricity and thus integrates more energy carriers in one system. We have
seen that introducing more energy carriers leads to lower system costs, but in this case,
the all-electric H2 scenario has the highest system costs. Only when the hydrogen costs
would be low (1.8 €/kg) and the electricity price above 80 €/MWh, the all-electric H2
scenario will be cheaper than the all-electric scenario. The determining factor here is not
the grid reinforcement versus the installation of the electrolyzer, as the discounted costs
per year are both similar (50 €/household/year). As both scenarios assume an all-electric
heating system, the retrofitting costs are similar as well. In this case, the import costs for
hydrogen become the determining factor (see Figure 15). Because of the conversion loss
of hydrogen, it is cheaper to have an all-electric system with grid extension than to have
local energy production with a fuel cell and hydrogen import (the all-electric H2 scenario).
Converting an alternative energy carrier (here hydrogen) to electricity in a central place
in the neighborhood leads to higher system costs than an all-electric solution. It is thus
more useful to bring alternative energy carriers to the house itself, as was analyzed in the
other scenarios.

5.4.4. The Importance of Hybrid Designs

Our analysis shows that a hybrid design with hydrogen fulfilling part of the heat
demand in households is a favorable option to obtain low system costs for existing neigh-
borhoods. Without a need for thorough retrofitting, a start could still be made with less
drastic retrofitting measures, including the installation of a hybrid heat pump, while still
maintaining the natural gas boiler. As we have shown, about two-thirds of the heating de-
mand could already be electrified. Over time, the gas boiler could be retrofitted or replaced
with a hydrogen boiler or hydrogen-ready boiler, and maybe continue the retrofitting
process to further reduce the energy demand. Hybrid systems are an important solution in
the smooth transition to a renewable energy system in existing neighborhoods.

6. Conclusions

In this paper, we have analyzed four scenarios with different modes of system inte-
gration for 100% renewable energy systems for existing neighborhoods. Moreover, we
included several consumption sectors in a neighborhood (electricity, heat, mobility and
water). We consider the combination of multiple consumption sectors and energy carriers
with local conversion and (seasonal) storage leading to integrated energy—and water
systems as a novel aspect of this work. We can conclude that integrating different energy
carriers at end-users shows a positive impact on the energy system costs. The integrated
system designs with local hydrogen production combined with hybrid hydrogen boilers
(H2-hybrid) or a low-temperature district heating network, heat storage and hydrogen
production (power-to-X) lead to 250–300 €/household/year decrease in cost compared to
an all-electric system. In these two modes of system integration, we utilize other energy
carriers, such as heat and hydrogen, in the house itself, besides electricity. This diversifica-
tion of energy carriers decreases the need for extensive retrofitting measures, which have
shown to be an important factor in the total system costs.

In the H2 hybrid scenario 2070 €/household/year) houses have installed a heat pump
and a hydrogen boiler for hot tap water and heat production on cold days. The power-to-X
scenario has local heat production and seasonal heat storage (with HT-ATES) and hydrogen
production (2070 €/household/year). The sensitivity analysis has shown that the H2 hybrid
system will have the lowest costs if the electricity costs for 100% renewable electricity are
>120 €/MWh and hydrogen price is below 3 €/kg and the power-to-X system will have the
lowest costs if the hydrogen price is above 4 €/kg, and the electricity price is <150 €/MWh.
At the moment, there is no definitive conclusion to be drawn on which mode of system
integration leads to the cheapest system. However, we can conclude that both modes
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of system integration (power-to-heat and power-to-hydrogen) are important to consider,
depending on local circumstances and price developments for hydrogen and electricity.

Furthermore, the results show that integrated neighborhood energy systems with local
conversion and storage mechanisms (heat or hydrogen) can lower electricity peak demands.
Moreover, they have the potential to flatten peaks from the grid at times of oversupply, and
only 5–10% of locally produced energy is exported to the grid. Yet, the percentage of local
electricity use is not more than 23–35% of the total demand, so importing electricity will still
be important in future neighborhoods. A seasonal heat storage system leads to the most
distributed energy import over the year compared to the other scenarios. Lastly, we have
shown that a seasonal heat storage facility (in this study HT-ATES) for a neighborhood is a
potentially suitable option for large-scale seasonal heat storage.

In conclusion, this research shows the importance of considering more integrated
and hybrid options in designs for future clean, affordable and reliable energy systems for
existing neighborhoods.
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