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Abstract

The regulatory framework influences households’ decisions in the con-
text of the energy transition, affecting the potential for CO2 emissions
savings and the operation of the electrical network infrastructure. In
this paper, the profitability and optimal operation of alternative home
energy systems (HESs) consisting of photovoltaics (PV), battery energy
storage (BES), and either a gas condensing boiler (GB) or an electrical
air-to-water heat pump (HP) is investigated for the case of a German
single-family house and across alternative regulatory scenarios. Two pol-
icy reforms are considered: (i) an alternative design of network tariffs, the
objectives of which are the financial sustainability and the efficient opera-
tion of the power grid, as well as the cost reflectivity of such charges; and
(ii) a CO2z-oriented reform of energy taxes and surcharges on retail energy
prices. For the latter, the real-time carbon intensity of grid electricity is
estimated and priced in dynamic retail electricity rates. After the opti-
mization of the operation of each alternative HES under such alternative
sets of price signals, a simulation over a 20-year planning horizon is carried
out in order to evaluate each option in terms of profitability, impact on
CO; emissions and grid integration. The findings show how a change of
regulatory framework can foster a low-carbon-oriented and grid-friendly
adoption and operation of energy technologies. In the case under analysis,
a regulatory shift: (i) results in a decrease of up to 17% in the discounted
lifetime costs of the HP heating, thereby steering the household’s adoption
decision toward a reduction of up to 63% in CO2 emissions; (ii) induces a
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grid-oriented operation of the HP and the BES, reducing coincident peak
demand by up to 62%. The implications of such a regulatory shift are
discussed in relation to the effectiveness, cost efficiency and distributional
fairness of the energy transition in the residential sector.

1 Introduction and background

Over the last two decades, in order to tackle climate change, many countries
have adopted policies fostering the deployment of renewable energy technolo-
gies (RETS). Such policies have aimed not only at promoting large-scale instal-
lations, but also small-scale installations for distributed electricity generation
with a focus on self-consumption, such as rooftop PV systems for residential
prosumers. One of the most prominent examples of support schemes to residen-
tial PV installations for homeowners is the German Renewable Energy Sources
Act (EEG), which provides size- and technology-specific feed-in tariffs (FiTs).
As a result, the installed capacity of PV has grown from less than 1 GW in the
early 2000s to approx. 59 GW by the end of 2021, which consists of approx. 2.2
million installations [I]. While during a first phase, a swift uptake of residential
PV was stimulated by very high FiTs (2009-2012), in a second phase, savings
from self-consumption have been playing an increasingly important role in the
economics of residential PV. As a result of a drop in the levelized cost of electric-
ity (LCOE) and FiTs, as well as an increase in electricity retail prices, German
prosumers have become “residual producers”, meaning that they aim primarily
to maximize self-consumption and secondly inject the remaining PV power into
the grid [2]. Consequently, around the mid 2010s, a new trend emerged among
homeowners, in that they started adopting residential PV systems in combi-
nation with battery energy storage (BES) in order to increase their degree of
self-sufficiency and independence from increasingly expensive power suppliers
[3]. Around 60% of newly installed PV are nowadays coupled with a BES and
such a trend seems to be gaining momentumEI while retrofits of existing PV
installations are expected to grow in the upcoming years [5]. However, PV pro-
motion, as well as the indirect subsidization of residential PV self-consumption,
have been strongly criticized since their early phases due to their economic in-
efficiency and unfair distributional effects (see [6l [, [8, @, [10]). In this respect,
the growth in retail rates is linked to the same surge in prosumers and, more
generally, RETSs’ deployment.

Firstly, the diffusion of prosumers might have already contributedﬂ and
might increasingly contribute in the future, to an increase in network charges.
This effect occurs through several impact channels:

L According to recent estimations,in 2021 residential BES systems increased by 45% with
respect to the previous year [4].

2Average network charges for household customers increased from 5.70 ct/kWh to
7.5ct/kWh between 2011 and 2020, even though the reform of avoided network charges
(NEMoG) and the exclusion of off-shore network charges have in part counteracted this up-
ward trend. The main drivers for increasing costs were grid expansion and system security
measures [17].



e Self-consumption of PV electricity results in substantial bill savings be-
cause prosumers avoid paying regulated volumetric components including
network charges. Grid costs, however, are mainly fixed and depend on
capacity rather than volumes, which is why missing revenue from pro-
sumers needs to be recovered through higher charges from the remaining
consumers.

e The integration into the grid of renewable power plants requires new in-
vestments in the expansion of the network. The coupling of PV with
BES may mitigate the increase in network costs, but a system-friendly
operation thereof is essential [12].

e The increment in volumetric network charges might incentivize more con-
sumers to become prosumers, causing charges to increase further, resulting
in a “utility death spiral”.

Generally, prosumers may provide important beneficial contributions to the sys-
tem (i.e., network losses reduction, improved demand response, bill savings and
CO5 emissions abatement). However, if their costs and benefits are not shared in
a fair way because of non-cost-reflective network tariffs, they can pose challenges
for network operation, for the long-term economic sustainability of the power
system [13] and for those who cannot (afford to) invest in such self-consumption
technologies.

Secondly, the EEG has contributed significantly to the growth in the re-
maining regulated components of retail rates: most notably through the EEG
surcharge, a flat surcharge levied on electricity retail consumersjﬂ which finances
FiTs and in 2021E| accounted for approx. 20% of retail electricity prices [14].
While such a surcharge is levied on electrical consumption, including electric
heating, electricity only accounts for approx. one fifth of energy consumption in
German households [I6]. As matter of fact, fossil fuel-based heating is respon-
sible for most residential emissions] The focus of the EEG and of its financing
mechanism on the electricity sector may disincentivize sector coupling and the
adoption of low-carbon technologies such as electrical heat pumpSE In contrast
to retail rates, wholesale electricity prices have remained stable or even declined

3This surcharge rapidly soared from values around 1 ct/kWh in the late 2000s up to values
between 6 and 7 ct/kWh since the mid 2010s [I1].

4In 2022, for the first time, the EEG surcharge fell significantly, namely by approx. 43%
[I4]. The causes of such a drop were the exceptionally high wholesale electricity prices,
meaning higher revenues for RETS’ generation, and the contribution from the federal budget,
which was financed with the revenue from the recently introduced national COg pricing scheme
[I5]. At the time of writing, Germany’s new coalition government decided to fully abolish this
surcharge, meaning that the RETs promotion schemes will be financed through the federal
budget.

5In 2019, combustion in residential buildings resulted in approx. 90 million t CO»
equivalent[I7], while electrical consumption from households was responsible for approx. 54
million t CO2 equivalent (own estimation, based on [I8| and [11]).

6In the heating sector, the reduction in greenhouse gas emissions has been promoted
through mandates on heating technologies and efficiency standards for new and refurbished
buildings, as well as grants for replacing old heating systems.



over the last decade, with average annual values of around € 30-40/MWh until
very recently [19]E| meaning that the wholesale electricity market has played an
increasingly minor role in shaping retail tariffs. Last but not least, the sharp
variation in carbon intensity of the electricity generation mix is not reflected in
end-consumer prices. Beyond the German context, in several other countries
(see for instance [20]), the current design of retail energy tariffs does not appear
to facilitate the energy transition. In this paper, the impact of the tariff design
is explored by introducing two regulatory reforms, which aim to align retail-
level price signals with incentives for a grid-friendly and low-carbon-oriented
adoption and operation of energy technologies in the residential sector, as well
as to improve the reflectivity of the allocation of energy system costs among
grid users and energy consumers. The first reform consists of a new design
of electricity network charges, namely a shift from volumetric to capacity-based
charges, which also consider the real-time conditions of the electrical grid. With
respect to the second regulatory shift, firstly dynamic retail electricity pricing
is implemented, followed by the application of a revenue-neutral energy reform.
Such a reform abolishes all taxes and surcharges on retail energy rates and re-
places them with a uniform CO; pricing mechanism across all energy sectors,
whereby hourly electricity prices strongly reflect the carbon intensity of the
electricity generation mix. The scope of this study is limited to the assessment
of home energy systems (HESs) consisting of photovoltaic (PV) and battery
energy storage (BES) systems, and either a gas condensing boiler (GB) or an
electrical air-to-water heat pump (HP). The analysis is carried out by means
of a two-stage techno-economic model: firstly the first year of operation of 50
possible HESs (i.e., combinations of PV, BES and GB/HP) is optimized for the
case of one typical household across five alternative regulatory scenarios; sec-
ondly the optimized operation results are extended over a 20-year investment
planning horizon (IPH), assessing the financial performance, impact on carbon
emissions, and impact on grid-friendly behavior in terms of coincident demand
and injection peaks, under each regulatory scenario. While there is a large body
of literature dealing with the alignment of retail energy tariffs with a system
perspective across many country-specific cases (cf. Section, this is, to the best
of the authors’ knowledge, the first study to investigate (i) such a novel set of
grid-oriented and carbon-oriented dynamic price signals; (ii) the impact thereof
on the profitability and operation of both prosumage and heating technologies;
and (iii) the system-level implications in terms of grid integration and carbon
emissions.

The remainder of this paper proceeds as follows. Section 2 provides an
overview of the related literature. In Section 3, the current regulatory framework
and the alternative regulatory scenarios are presented; the data and assumed
system parameters are described. Section 4 provides a description the techno-
economic model. In Section 5, the results are presented. Section 6 discusses the
findings and provides an outlook for further research. Section 7 concludes.

"Since the second half of 2021, wholesale electricity prices have soared to unprecedented
levels [19], following a sharp increase in the price of natural gas and EU ETS allowances. The
Ukraine crisis of 2022 has further aggravated the surge in energy prices.



2 Literature review

Many studies have analyzed the end-consumer economics and the optimal sizing
of PV and BES systems for residential prosumers, focusing on several aspects
such as optimal technical configuration (e.g., [21 22]), load and/or geographical
heterogeneity (e.g., [23] [24] 25| 26]), alternative support and regulation schemes
(e.g.,[27,[28]), fiscal, financial aspects and economies of scale (e.g., [29,130]), opti-
mal operation strategies (e.g., [31} B2} [33]), the coupling with other technologies
such as HPs and electrical vehicles (EVs) (e.g., [34,[35]). In this strand of liter-
ature, battery coupling has been generally found to be financially sub-optimal
and less cost-efficient than other load control devices (such as HPs with heat
storage). However, the interest in and adoption of BES is growing in several
countries, meaning that co-benefits (e.g., back-up power) may play a decisive
role [36]. In addition to assumed technology costs and load profiles, the dif-
ferences in terms of tariff structure (e.g., volumetric vs capacity charges) is a
main driver for diverging economic assessments [36]. A few studies [37 [38], 39]
have investigated the impact of alternative rate structures on end-consumer
economics, and have also considered the coupling with HPs [39] and EVs [38].
Similar to this paper, in this strand of literature, alternative tariff designs typi-
cally consist of a reform of network charges with a shift from volumetric to fixed
or demand charges, a (partial) alignment of volumetric components (including
feed-in rates) with real-time wholesale market prices through dynamic or time-
of-use (TOU) rates, or limits and penalties for excess load and injection. While
this set of studies has mostly focused on a techno-economic assessment from a
prosumer perspective, they have also found that annual demand charges and ex-
cess load/feed-in penalties are effective in reducing household-level withdrawal
(i-e., grid load) peaks, whereas TOU and dynamic pricing may even worsen this
outcome [38],[39]. However, rather than household-level peaks, the demand that
contributes to network-level peaks (i.e., coincident peak demand) is relevant to
assess system-level impacts.

Several studies have aggregated household-level decisions in order to gauge
the impact of the optimal investment and dispatch of PV-BES from a pro-
sumer perspective on the power system cost-minimal investment and/or dis-
patch. They have found that exclusively focusing on the maximization of self-
consumption results in a sub-optimal system, i.e., higher system costs and pos-
sibly GHG emissions, (e.g, [7, [12] in the case of Germany, [40] in the case of
Sweden, [I] in the case of Switzerland, [42] in the case of the UK, [43] in
the case of Australia). A further subset of this literature has focused on the
assessment of different kinds of welfare and system-level impacts across alter-
native regulatory scenarios, both in the German case and elsewhere. Klein et
al. [44] proposed a market alignment indicator, which evaluates the system-
friendliness of the operation of PV-BES systems across regulatory scenarios by
comparing it to a benchmark operation, in which such systems are fully inte-
grated in the electricity wholesale market. They considered several regulatory
shifts (dynamic retail prices, dynamic feed-in rates, fixed network charges) and
found that the simultaneous implementation of all of these results in the high-



est level of market alignment, yet they did not consider grid constraints. Fett
et al. [45] devised several regulatory scenarios, across which they estimated
the level of PV-BES diffusion and its impact on retail electricity prices. In
addition to the current regulatory scenario, they considered a fully fixed net-
work charge, an annual demand charge, as well as dynamic export rates and a
partial EEG surcharge on self-consumption, and calculated a price increase of
16.5% in the case of the reference scenario and significant increases even in the
case of demand charges. For the case of California, Schwarz et al. [46] con-
sidered alternative feed-in remuneration schemes and volumetric charges, and
even proposed a fixed monthly charge for PV owners, which they considered to
be crucial for mitigating future increases in retail prices. For the case of the
UK, Pimm et al. [47] studied the impact of introducing TOU rates on load
and feed-in peaks in the distribution grid. They found that, even in areas with
high-penetration of PV and HP, batteries did not help to reduce such peaks,
and in fact sometimes even increased peak demand at low-voltage substations.
They proposed several approaches to avoid such so-called rebound peaks, in-
cluding capacity charges both for demand and feed-in. In contrast to most of
the related literature, Young et al. [48] obtained more optimistic results. They
considered PV-BES operation under flat volumetric charges, TOU volumetric
charges, as well as time-varying monthly demand charges, which are based on
typical load peak times of the analyzed Australian region. They scaled up their
household-level results to estimate network-level peaks, the reduction in rev-
enue for DSOs (distribution system operators) and the potential mitigation of
long-run marginal network costs. They found that prosumers with PV-BES sys-
tems reduced network-level demand peaks across all regulatory scenarios, and
that cost mitigation exceeded the drop in revenue, especially in the case of de-
mand charges. Giinther et al. [49] analyzed many regulatory frameworks with
respect to both withdrawal and feed-in rates, which differ in terms of flat volu-
metric rates, fixed charges, real-time volumetric rates and feed-in limits. They
found that none of the scenarios reduced system-level demand peaks and feed-in
peaks were reduced only through fixed limits. Furthermore, they assessed the
reduction of the contribution to non-energy power system costs, which was only
mitigated in the scenarios with high fixed charges. Fett et al. [50] considered
four scenariosﬁ for which they estimated residential PV and BES uptake using
a dynamic diffusion model, also taking into account non-financial factors and
the iterative interactions between prosumer- and system-level decisions. They
concluded that policy makers should focus on the system-friendly operation of
BES. In particular, they found that a dynamic battery operation, which aims
to lower feed-in peaks, may reduce by more than 10% the curtailment of renew-
able electricity generation. Thomsen et al. [5I] devised scenarios with respect
to real-time electricity withdrawal and feed-in rates, as well as with respect to
policy reforms by considering higher fixed grid charges (more precisely, a con-
tracted capacity charge) and a time-varying EEG surcharge. They investigated

80ne scenario involved a regulatory reform consisting of a fixed network charge, a feed-in
limit, dynamic feed-in rates and a reduced EEG surcharge on self-consumption.



the impact of a number of (prosumer) households on a local power system and
found that scenarios with time-varying rates showed a higher system peak load
and coincidence factor, which resulted in higher stress on the local grid. The
authors underscored how “system-friendly operation” must be defined carefully,
since the market and the grid perspective do not coincide.

However, such a mismatch (also found by [47, [49]) between market and
grid integration, might be due to the fact that the wholesale electricity mar-
ket fails to convey a high degree of spatially-granular price signals, and that
the corresponding real-time prices do not reflect potentially critical periods in
the local distribution grid. As a matter of fact, in the case of Germany, the
wholesale electricity market consists of only one bidding zone, meaning that
network constraints are entirely overlooked in the wholesale pricing mechanism.
In an “ideal world”, time-varying locational marginal prices (LMPs) would be
expected at each connection point of the electrical grid, and such LMPs would
reflect both short-run (e.g., generation) and long-run (e.g., network expansion)
marginal costs [52]. However, LMPs at the level of the distribution grid would
involve a degree of complexity that would make them infeasible for real-world
applications [52]. On the other hand, forward-looking price signals are needed
to reflect the marginal future costs of the grid and improve the long-run system
efficiency [62] [53]. Peak-coincident network capacity charges (or dynamic net-
work tariffs), levied on both withdrawal and injection and featuring a sufficient
level of locational granularity, can provide such price signals [52] [54] [53].

This paper considers the different objectives of network charges (i.e., re-
covery of sunk costs, cost reflectivity, cost efficiency) and respective measures
to achieve them (i.e., coincident and non-coincident capacity charges). Ac-
cordingly, a consistent structure for such time-varying, capacity-based network
charges is proposed. Subsequently, the impact of such a regulatory shift on
households’ coincident peak demand and feed-in is examined. Such an assess-
ment of this regulatory reform represents the first contribution to the literature
on the techno-economic evaluation of prosumage across alternative regulatory
scenarios, from both an end-consumer and a system perspective.

The aforementioned new design of network charges aims to improve the cost
reflectivity of grid charges, as well as the efficiency of grid operation. In other
words, it aims towards the grid integration of distribution grid users, especially
when they are prosumers or operate load control devices (e.g., heat pumps).
Market integration requires a different set of price signals. For this reason,
the paper’s second contribution to the literature involves considering a second
regulatory reform, which aims to improve the cost reflectivity of retail energy
prices, thereby steering households towards low-carbon-oriented investment and
operation decisions, both as energy consumers and as prosumers. Therefore, not
only are real-time power rates applied to residential consumers (similar to many
studies cited above), but a COg-oriented reform of energy surcharges and taxes
is also implemented, according to which end-consumer dynamic energy prices
internalize the cost of the embedded real-time CO, emissions. To the best of
the authors’ knowledge, this is the first study on prosumage to implement this



type of reformﬂ while estimating the real-time CO5 intensity of grid electric-
ity, thereby assessing the impact of households’ energy consumption on COq
emissions.

Finally, the evaluation of a power-to-heat technology is a further contribution
to the literature. The paper examines the decision to adopt either a modern gas
condensing boiler (GB) or an electrical air-to-water heat pump (HP), focusing
on how alternative regulatory frameworks affect the relative profitability and
operation of the latter. Although an advanced technical modeling of building
heating demand is beyond the scope of this study, the authors believe that
the heating sector is essential for the analysis, since power-to-heat technologies
(especially HPs) are expected to play an increasingly central role in reducing
CO; emissions and in integrating RETS into the power system [55] [56].

3 Data and assumptions

3.1 Weather, PV generation and load profiles

Temperature and PV generatiorm profiles for the location of the city of Essen
were obtained from the online tool Renewables.ninja [57, 58] [59]. These data
consist of hourly time series for the year 2019, which were converted to a 15 min
resolution through linear interpolation. The average annual temperature of the
selected location was 10.2°C, whereas the PV generation was 1088 kWh/KW,,.
For demand-side data, synthetic load profiles generated by the LoadProfileGen-
erator (LPG) [60] were used. This tool simulates the consumption of electricity
and domestic hot water (DHW) in a 1 min resolution, while it allocates the
annual space heating demand in a 24 h resolution based on the external tem-
perature. The three types of load profiles were converted to a 15 min resolution.
For the space heating (SpH) load profile, within the LPG a 150 m? house with
an annual space heating demand of 15,000 kWh was selected, which is based on
an annual sum of 4,000 heating degree days. After inputting the temperature
profile of the selected location (Essen), the LPG generated a space heating load
profile with a total annual demand of 12,895 kWh. The electrical load and the
DHW load depend on the behavior of household members, which is why a pre-
deﬁnecﬂ household type within the LPG was selected (i.e., CHR27 Family both
at work, 2 children). With regard to domestic hot water, the LPG produced
a DHW profile in liters that was then converted to kWh by multiplying it by
0.0525, which corresponds to the energy needed (in kWh) to heat 11 of water
at 10 °C to a temperature of 55 °C. Table [1| shows the annual level of energy
demand for the households.

91n a similar fashion, Thomsen et al. [5I] implemented a revenue-neutral dynamic EEG
surcharge that also amplified the time-varying component of power rates, but failed to fully
capture the real-time COxz intensity of the electricity mix.

10For the production of PV generation data, system losses were set at 15%, panels’ inclina-
tion and azimuth were set at 30° and at 180° (i.e., southward facing), respectively.

110Only one modification was made: the predefined vacation was replaced with a 20-day
vacation period in July.



Table 1: Annual energy demand of the simulated household (kWh)

Household Electrical devices Electricity DHW Space heating

HH1 Random 4,903 2,659 12,895

3.2

Energy prices

3.2.1 Regulatory scenarios

In this study, five different regulatory scenarios were considered. Such scenarios
shape the market signals, which, in turn, determine the financially optimal
adoption and operation of HESs:

BAU

BAU_dyn

CC_ref

This is the business-as-usual scenario which considers the retail energy
rates available to household consumers in the first half of 2021, as it is
assumed that the investment in the HES occurs at the beginning of such
a yearE Electricity prices consist of two different tariffs: one for stan-
dard (std.) electricity and one for electricity used for heating. Both tariffs
comprise a fixed charge (per connection) and a flat volumetric charge (per
kWh). Regulated components constitute approx. three quarters of this re-
tail tariff and are included in both fixed and volumetric charges: i.e.,fixed
and volumetric network charges, fixed meter charges, concession fees, sev-
eral energy surcharges (most notably the EEG surcharge, which is used to
finance renewable energy), electricity tax and value-added tax (VAT) [I4].
The tariff for retail gas prices also consists of a fixed and a volumetric
charge. Finally, for electricity exported to the grid, the prosumer receives
a flat feed-in tariff (FiT).

This is also a business-as-usual scenario, meaning that no regulatory re-
form is implemented (except for the abolition of fixed FiTs). However,
retail prices here include a minor dynamic component, which reflects the
prices of the wholesale market and replaces the non-regulated part of the
flat volumetric charge in the BAU scenario. Volumetric regulated price
components, as well as fixed charges, are the same as in the BAU scenario.
For electricity exported to the grid, the prosumer is paid a time-varying
export rate that replaces the current flat FiT scheme.

This scenario introduces capacity charges as a result of reformed electricity
network charges. Both fixed and volumetric network charges are removed
from the volumetric charges in the BAU scenario, while charges are levied
on the maximum monthly demand, which is measured in kW withdrawn
within 15 min periods. More specifically, two time-of-use demand charges
are levied: one for user peaks coinciding with load peaks in the grid, and
one for off-peak times. Similarly, an on-peak feed-in charge is levied on
prosumers.

12Given that time series data used in the analysis are from 2019, the non-regulated compo-
nents of BAU tariffs were adjusted to address such a discrepancy (cf. Appendix.



Ene_ref This scenario implements a revenue-neutral energy reform encompassing
all energy sectors. All energy taxes and surcharges are abolished and re-
placed by a uniform COs pricing mechanism. In other words, electricity
tax and all surcharges are removed from retail electricity rates, as is the
energy tax on gas. In this scenario, gas retail prices and wholesale elec-
tricity prices increase. However, the large variation in emission intensity
of the electricity generation mix sharpens the variance of wholesale elec-
tricity prices, providing a strong incentive for load shifting. Therefore,
retail consumers are exposed to dynamic electricity prices. For electricity
exported to the grid, the prosumer is paid a time-varying export rate that
replaces the current flat FiT scheme.

CCEFEne_ref This scenario simultaneously implements the two reforms presented in the
CC_ref and Ene_ref scenarios.

A detailed description of the tariff design in the two business-as-usual scenarios
is provided in the Appendix[A] The following subsections present the data and
assumptions underlying the tariff design under the two proposed regulatory
reforms.

3.2.2 CC_ref tariffs

In the case of standard electricity supply in the BAU scenario, the local DSO
recovers a minor share of network costs through a fixed annual charge of €
78.18 (incl. VAT). The rest is allocated to household customers through a vol-
umetric network charge of 6.88 ct/kWh for standard (std.) electricity and of
1.79 c¢t/kWh (incl. VAT) for heating electricity. In this scenario, both fixed
and volumetric charges are abolished and replaced with capacity charges. The
introduction of kW-based charges implies a fundamental restructuring of the
way in which the infrastructure costs of the power grid are allocated. Infras-
tructure costs consist of past sunk costs and fixed operating costs, which are
independent of power peaks, as well as current costs and future marginal costs,
which depend on present and expected future power peaks. While the analysis
and estimation of the past and future cost structure of local electrical networks
is beyond the scope of this paper, considering the different nature of such costs
is essential for designing cost-reflective network charges [54l [61]. With this in
mind, the aim was to design a tariff pursuing the following objectives:

e Cost recovery, i.e., grid costs are recovered through network charges,
meaning that grid users have to fully pay for this infrastructure.

e Cost reflectivity, i.e., the cost paid by each user reflects the degree to
which each user is responsible for the capacity and cost of the network.

e Cost efficiency ,i.e., the tariff favors a cost-efficient operation and expan-
sion of the grid, by incentivizing a network-friendly use of the grid.

Based on this, a two-tier demand charge, levied on two different types of user’s
peaks, was designed.

10



The low-cost demand charge aims to recover sunk costs, and is levied on
the maximum demand within a 15 min period on a monthly basis at times
during which no demand peak occurs in the grid: this is known as an off-peak
demand charge. This kW-based charge is considered superior to the current
kWh-based charge, as network capacity and not energy quantity is a crucial
driver of network costs and DSO should be financially independent of con-
sumption volumes [54]. Alternatively, sunk costs could be recovered through
a fixed charge, but this would counteract cost reflectivity (and distributional
fairness), as low-consumption households would have to pay the same amount
as high-consumption households. However, a minimum demand charge, which
is equivalent to a fixed charge, is included here, as sunk costs include fixed costs,
which are independent of network capacity (e.g., topology-driven costs).

The high-cost demand charge seeks to reflect the sunk costs of building
a network with sufficient capacity for high-demand times; to reflect short-term
(operating) and long-term (expansion) marginal costs; and to provide users with
an incentive for reducing their demand during such peak demand times. It is
levied on a monthly basis on the maximum demand, coinciding with such critical
periodSE Such an on-peak demand charge is implemented through critical peak
pricing, where users are notified in advance (typically one or two days) about
critical periods [564, [53]. Following [52], an equal on-peak, feed-in charge was
assumed, given that electricity injection during critical periods also contributes
to driving up the marginal costs of the grid. Demand and injection coincident
peaks tend to occur in different months (respectively winter versus summers
months, cf. Table . Considering this and in order to avoid double billing
prosumers, the coincident feed-in charge is levied only on the marginal maximum
monthly feed-in that is above the maximum annual coincident demandE In
other words, it was assumed that prosumers already pay their fair share of
network costs through demand charges only, as long as their monthly coincident
feed-in, which occurs typically during summertime, is below their maximum
annual coincident demand, which occurs typically during wintertime. In order
to identify critical periods occurring in the grid, several network load times series
were considered: the standard load profile (SLP) customers’ load (i.e., “Nicht
leistungsgemessene Kunden”), the total load and the total feed-in in the local
distribution grid (published by the DSO Westnetz), as well the total load in
the local transmission grid (published by the TSO Amprion). Moreover, DSO
and TSO data were supplemented with the PV generation data for the selected
location (cf. Section . PV generation time series could be more accurate
in identifying potentially critical injection periods due to the high geographic
concentration of PV prosumers. The aim of using multiple times series is to
capture a broad spectrum of bottlenecks and congestion, which occur in different

131n line with [61] 52], not only the single highest annual network peak is considered a
critical period, but so too are multiple high-load periods throughout the year. Moreover, such
charges are levied multiple times (i.e., monthly).

14E.g., over the year, a prosumer reaches a maximum coincident demand of 6 kW, whereas
in a given month, they have a maximum coincident feed-in of 8 kw. In such a given month,
they will be levied the on-peak injection charge only on the additional 2 kW.
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parts and levels of the grid. All data cover the year 2019 and have a 15 min
resolution. In this analysis, a critical load period was defined as a 15 min period
in which the value of at least one of the three network load categories is above
the 95th percentile, whereas a critical injection period is a 15 min period in
which the feed-in in the distribution grid exceeds the load, or in which PV
generation is above the 95th percentile.

The rates of the capacity charges were calibrated on the basis of two house-
hold load proﬁlesEl and according to the two following principles: if both house-
holds have a GB, no PV and no BES, they will be paying approx. the same
level of network charges in either regulatory scenario; the values for on-peak
and off-peak charges should differ significantly. Consequently, the monthly co-
incident capacity charge was set to € 5/kW, and the monthly non-coincident
demand charge was set to € 2.5/kW. For the latter charge, the monthly min-
imum kW value was set to 2.6 kW, which is equivalent to the fixed charge of
the BAU scenario. Such capacity charges were cross-validated by estimating
the current total revenue of the local DSO and the potential revenue under this
alternative regulatory design. It was found that the assumed rates are rather
conservative, as only the revenue from demand charges (i.e., not from injection
charges) would suffice to recover the DSO’s revenue, which is currently obtained
through volumetric and fixed charges (cf. Appendix [B| for more details).

Table 2: Occurrences of peaks in the grid (No. of 15-minute periods)
‘ Load ‘ Injection ‘
| Month |
Hour | 1 2 3 4 5 6 7 8 9 10 11 12|1 2 3 4 5 6 7 8 |

- o

O A WN

15Namely, the synthetic load profile used in this analysis (cf. Table , and a similar one
for a household with only energy saving devices, thus characterized by a significantly lower
annual electrical demand (i.e., 3,284 kWh as opposed to 4,903 kWh).
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3.2.3 Ene_ref tariffs

This second reform seeks to improve the cost reflectivity of retail tariffs with re-
spect to real-time generation costs, and, most importantly, the carbon intensity
of the real-time generation mix. In order to design the electricity rates of the
Ene_ref scenario, several data sources were used: wholesale electricity prices,
CO3 prices of the EU Emissions Trading System (ETS), electricity generation
by production type and emission factors thereof (cf. Appendix [C| for details).
All data cover the entire year in 2019, and are therefore consistent with all data
used in this paper.

Energy rates in this scenario were determined as follows: Firstly, a time series
of the hourly COs intensity of the German electricity mix was estimated using
multiple data sources (cf. Appendix |C| for a detailed description). Secondly,
the data on carbon intensity were merged with wholesale electricity market
and ETS allowances data in order to derive the cost component of COq prices
within hourly MWh prices. Finally, the alternative wholesale electricity prices
were calculated, which include a CO4 price set at € 125/tCOs, as opposed to
an average ETS allowance price in 2019 of approx. € 25/tCOs. According to
a study by Agora [62], such uniform COg pricing across all energy sectors at
this value could replace all non-carbon-oriented taxes and surcharges, which are
currently levied on electricity and fossil energy carriers, without affecting gov-
ernment revenues. It was assumed that a COs price surcharge, which makes up
the difference between the national COs price and the EU ETS price, is levied
on the consumption side, whereas conventional electricity producers would be
still subjected to EU ETS prices. In this estimate with data from 2019, such a
reform would push up the (non-volume-weighted) average day-ahead demand-
side price of wholesale electricity from € 37.6/MWh to € 77/MWh (excl. VAT),
meaning that an average net increase of 3.94 ct/kWh would be passed on to re-
tail consumers. However, retail energy charges would fall, as the increase in
average wholesale prices would not even compensate for half of the abolished
surcharges plus the electricity tax, amounting to 9.65 c¢t/kWh in total (in 2021,
excl. VAT )E Figure |1 shows the distribution of the dynamic volumetric com-
ponent of retail prices (incl. VAT on positive values) in relation to the carbon
intensity of power generation: prices range from -7.62 ct/kWh to 21.53 ct/kWh;
carbon intensity ranges from 131 g CO3/kWh to 611 g CO2/kWh. In this sce-
nario, the injection of electricity into the grid is remunerated with the same
dynamic prices (excl. VAT). In order to derive final dynamic retail electricity
kWh charges, the remaining regulated components, which are part of the retail
tariffs, were added. These are the location-specific concession fee of 2.84 ct/kWh
(incl. VAT), and, if no network charges reform is simultaneously implemented,
location-specific volumetric network charges of 6.88 ct/kWh (incl. VAT) for
standard (std.) electricity and 1.79 c¢t/kWh (incl. VAT) for heating (or HP)
electricity. Moreover, it was assumed that utilities do not charge a volumet-

16Namely, electricity tax (2.05 ct/kWh), EEG surcharge (6.5 ct/kWh), surcharge under
KWKG (0.254 ct/kWh), surcharge under Sect. 19 StromNEV (0.439 ct/kWh), surcharge
under Sect. 18 AbLaV (0.009 ct/kWh), offshore network surcharge (0.0395 ct/kWh) [63].
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Note: No VAT is levied on negative wholesale prices.

Figure 1: Dynamic volumetric component of retail electricity rates under the
Ene_ref scenario (incl. VAT) and carbon emission intensity of grid electricity
(own analysis)

ric markup on electricity rates, i.e., electricity suppliers charge their markup
and recover their non-energy related costs only through the fixed component of
electricity tariffs.

As a result of the same reform, the gas retail tariff increases to 6.17 ct/kWh.
The abolition of the energy tax (0.55 ct/kWh) is more than offset by a 5-fold
increase in CO» pricing!"| (from 0.46 ct/kWh to 2.3 ct/kWh).

3.2.4 Summary of energy tariffs

Table 3| summarizes the structure of the energy tariffs in each regulatory sce-
nario. The values and ranges of values refer to the first year of analysis. For
the sake of clarity, the flat volumetric charges and dynamic volumetric charges,
which together compose the volumetric electricity rates, are reported separately.

14



Table 3: Structure of electricity and gas tariffs (dynamic rates are reported as
value ranges; negative values indicate revenue; incl. VAT

Scenario Charge type Std. withdrawal HP withdrawal Feed-in (<10 kW) Feed-in (>10 kW) Gas
BAU Flat volum. (ct/kWh) 26.07 19.41 -8.16 -7.93 4.63
Fixed (€/year) 118.52 66.46 B - 136.69
Flat volum. (ct/kWh) 21.2 16.11 - - 4.63
BAU_dyn Dyn. volum. (ct/kWh) [-9.00,14.45] -[-9.00,12.15]
Fixed (€/year) 118.52 66.46 - - 136.69
Flat volum. (kWh) 19.19 17.63 -8.16 -7.93 4.63
CCref Fixed (€/year) 40.34 66.46 - - 136.69
On-peak capacity - -
(€/KW /month) N N
Off-peak demand .
(€/KW /month) 2.5 (min 2.6 kW) - -
Flat volum. (ct/kWh) 9.72 4.63 - - 6.16
Ene_ref Dyn. volum. (ct/kWh) [-7.62,21.53] -[-7.62,18.08]
Fixed (€/year) 118.52 66.46 - - 136.69
Flat volum. (ct/kWh) 2.84 - - 6.16
Dyn. volum. (ct/kWh) [-7.62,21.53] -[-7.62,18.08] -
CC&Ene_ref Fixed (€/year) 40.34 66.46 - - 136.69
On-peak capacity . .
(€/KW /month) 0 0
Off-peak demand 2.5 (min 2.6 kW)

(€/KW /month)

3.3 Home energy system components

All HES components were assumed to have a lifetime that matches an invest-
ment planning horizon (IPH) of 20 years. In the case of a HES with a HP, all
HES components are connected and operated interdependently by means of an
energy management system (EMS). Figure [2| shows a schematic representation
of such a HES, as well as the electricity and heat flows between the different
system componentsm the energy loads and the grid. When the HES comprises
a GB instead of a HP, the heating system operates independently of the other
HES components and is only coupled with a DHW storage tank. A total of
50 different HESs were considered. These were combinations of 5 alternative
options for PV systems, 5 alternative options for BES and 2 alternative heating
systems.

Table 4] shows the input parameterﬂ of the PV systems. A reference value
of € 1050/kW,, (excl. VAT) for a PV system with a power rating slightly below
10 kWﬂ was assumed. The economies of scales affecting the cost of other
system sizes were derived from the literatureEl The operating costs were set at

17A novel COs pricing scheme for energy carriers in the heating and transportation sector
has been in force since 2021. The price for 2021 was set to € 25/tCOx.

18Namely, a PV array and its respective inverter, an AC-coupled BES with its inverter
and converter, an EMS that optimizes the electricity dispatch, an electrical air-to-water heat
pump and two heat storage tanks at 35 °C (HS35) and at 55 °C (HS55) for space heating and
DHW, respectively.

9PV generation was not simulated, as PV generation profiles were obtained from Renew-
able. Ninjas (cf. Section [3.1). Therefore, aside from sizes, the only technical parameter was
the PV output degradation, which was inputted into the investment module of the techno-
economic model (cf. Section .

208ych a price level represents a moderately optimistic assumption, reflecting a PV instal-
lation under ideal conditions.

21In accordance with [29], an increase in cost per kWy, of 21% was assumed for the 5 kW,
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Figure 2: Schematic diagram of the HES

a fixed annual value of € 100 combined with additional costs of € 10 per kW,

(see [30]).

Table 4: Parameters of alternative PV systems

Description Symbol Values
| Nominal power (kW) | PV_pow |0 5 7.5 9.9 15
| Annual degradation (%) | PV_deg | 0.5

| Investment costs (€) | capex”V | 0 7559 10308 12495 17805
| Operating costs (€/y) | opex”™” | 0 150 175 200 250

Table [§] shows the input parameters of the alternative BES systems. The
investment costs were based on an analysis of online prices of complete bat-
tery sets from two different producers]?l which were characterized by significant
economies of scale and to which a fixed installation cost of € 1000 € was added.
It was assumed that the battery must be replaced once it reaches 80% of its
initial capacity. BES replacement costs were set to a value of € 300/kWh (in

system and of 10% for the 7.5 kW, system. For the 15 kW, system, a decrease of 5% was
assumed in the cost per kWyp, in accordance with [64].

22 A1l analyzed BES systems have the same kind of chemistry, namely Li-NMC (lithium
nickel manganese cobalt oxide). Accordingly, the battery capacity fade was simulated by
means of the System Advisory Model (SAM) [65], which includes a lifetime model for Li-
NMC batteries (cf. Section @)
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accordance with [51]).

Table 5: Parameters of alternative BES systems

Description Symbol Values ‘
| Nom. capacity (kWh) | BES.cap [0 33 67 100 133 |
| Max. power (kW) | BESpow |0 30 40 50 50 |
‘ Charge efficiency ‘ nehe ‘ 0.96 ‘
‘ Discharge efficiency ‘ nehae ‘ 0.96 ‘
| Min SoC (kWh) | BES_soc™™ | 0.15x BES _cap |
| Max SoC (kWh) | BES_soc™* | 0.95x BES_cap |
| Initial SoC (kWh) | BES_soci™i* | 0.5x BES_cap |
| Investment costs (€) | capex®FS | 0 6614 7879 9299 9547 |
| Operating costs ( €/y | opexPES | 0 |
| Replacement costs (€) | repex [0 990 2010 3000 3990 |

Table [6] shows the input parameters of the alternative heating systems,
namely a gas condensing boiler (GB) and an electrical air-to-water heat pump
(HP). For the GB, constant levels of efficiency and maximum output power were
assumed. For the HP, a temperature-varying coefficient of performance (COP)
and maximum output power (opow), as well as two operation modes with respect
to output water temperature, were assumed. The variable technical parameters
of the HP were derived from technical data sheets from a producer and are given
in Table [12] in the Appendix [D]l Finally, investment and operating costs were
based on a study by BDEW (German Association of Energy and Water Indus-
tries) [66]. Such investment costs aim to reflect the costs of totally refurbishing
a single-family house and installing a new heating system (incl., radiators, pipes,

etc.).
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Table 6: Parameters of alternative heating systems

Description Symbol(s) Values and range ‘
|  Heating system | HSYS | GB | Hp ‘
‘ Operation mode | 35\5 | 55°C | 5°C 55°C |
‘ Max power (kW) ‘ G B_pow\ H P35_opow;\ HP55_opow, ‘ 8 ‘ [5.77,12.01]  [5.19,10.68] ‘
|  Efficiency\COP | n9*\COP35,\COP55, | 098 | [247,9.27] [1.66,5.46] |
‘ Storage (L\kWh) ‘ HS35_cap\ HS55_cap ‘ 170\8.91 ‘ 500\14.58 170\8.92 ‘
| HSmin SoC (kWh) |  HS35.s0c™™\HS55.s0c™™ | 178 | 0 178 |
| HS initial SoC (kWh) | H S35_s0c™t\ HS55_soc™t | 223 | 0 2.23 ‘
‘ HS self- dlscharge rate ‘ o ‘ 0.859 ‘
‘ Investment costs ( ‘ capexSYS ‘ 16400 ‘ 26500 ‘
‘ Operating costs ( €/y ‘ opexSY'S ‘ 191 ‘ 150 ‘

3.4 Investment planning horizon

The analysis performed in this paper covers a 20-year investment planning hori-
zon (IPH). A set of assumptions were made in this respect:

e Load and weather profiles remain constant over the IPH, whereas PV
generation declines over time following system degradation (cf. Table .

e Inflation rate of 2% affects energy tariffs (except for FiTs), as well as
operating (opex) and replacement (repex) costs. Moreover, future cash
flows are discounted with a real discount rate of 2%, which results in a
nominal discount rate of 4.04%.

e The carbon intensity of the German electricity generation mix decreases
over time at an annual rate (carbon_emissions_dec) of 9%@

4 Modeling approach

The modeling approach consists of three main steps.

e 1 - Selection of typical periods. In order to reduce computational
time, an 8-day typical period for each of the four meteorological seasons
(s) of the year is selected (cf. Appendix [E| for details).

e 2 - Techno-economic model: Operation module. The flows of en-
ergy between the HES components are optimized in a 15 min resolution.
More specifically, the objective function represents the minimization of
total energy costs consisting of volumetric and capacity charges, while
technical constraints and limits set by the DSO are respected. A rolling
horizon approach is implemented: optimizations are carried out over a 48

23This is approx. in line with the IEA’s projections of future carbon intensity of electricity
generation in the European Union [67].
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h optimization horizon (oh) and with a 24 h overlap between each opti-
mization. Only those optimizations within the same season are chained
to one another, meaning that the rolling horizon is implemented sepa-
rately within each 8-day typical period (i.e., each “typical season” s). At
the beginning and at the end of each s, standard initial conditions are
set for storage systems, and demand peaks are reset to 0. Overall, 28
optimizations (i.e., 7 optimizations for each s) are run, obtaining the opti-
mized energy dispatch over four 8-day typical periods.The Appendix
provides a detailed description of the variables, equations and objective
function of the operational optimization model.

e 3 - Techno-economic model: Investment module. The optimized
energy dispatch resulting from the operation module is simulated over the
20-year IPH, accounting for PV output degradation and BES capacity
fade. In order to simulate the latter, the model employs the System Advi-
sory Model (SAM, version 2021.12.2) [65] via its Python package PySAM
(version 3.0.0) [68]@ Such a technical simulation outputs the energy flows
over the IPH, as well as the corresponding (non-)coincident demand and
injection peaks. Accordingly, the financial performance in terms of dis-
counted cash flow (DCF) is calculated, taking into account system costs,
inflation and taxation. Total COy emissions over the IPH are derived from
20-year energy flows and their estimated carbon intensity. The Appendix
provides a detailed description of the investment simulation model.

5 Results

This section reports the main results of the financial assessment, grid load,
coincident peaks and COs emissions. These results represent the output of
20-year techno-economic simulations, covering all the HESs and the regulatory
scenarios under consideration.

5.1 Financial assessment

Table [7] shows the financial performance of each alternative HES in terms of the
discounted cash flow of system (i.e., Capex, Opex, Repex) and energy costs (incl.
network charges), across the 5 regulatory scenarios, and under a mixed taxation
regimelfl[n the case of the BAU scenario, the HES with a 15 kW, stand-alone
PV and a gas heating system (hereinafter GB—15—(@ was found to be the best
option with a DCF of € 51,237. This value corresponds to a DCF reduction of
approx. 7.8% compared to GB-0-0 (hereinafter “reference HES”). This is due

24Tn the case of a HES without BES, PySAM is not run.

25This refers to a treatment of VAT involving a mix of the regular regime and the small-
business regime. See Equation in the Appendix for details)

26The composition of the HES is abbreviated, in this case GB stands for the gas boiler as
opposed to the HP, 15 stands for the kW, of the PV system, whereas 0 stands for the capacity
(in kWh) of the BES system.
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Table 7: Discounted cash flow of total costs (€)

Gas heating Heat pump
Battery energy storage (kWh) Battery energy storage (kWh)
Scenario PV (kWp) 0.0 3.3 6.7 10.0 13.3 0.0 3.3 6.7 10.0 13.3

0 55,557 - - - - 64,029 - - - -
5 53,898 57,487 57,283 57,455 57,137 | 59,425 63,403 63,480 64,219 64,108
BAU 7.5 53,079 56,673 56,365 56,422 55,945 | 58,133 61,958 61,801 61,979 61,362
9.9 52,096 55,663 55,254 55,247 54,731 | 56,884 60,627 60,358 60,158 59,649
15 51,237 54,671 54,095 54,098 53,484 | 55,582 59,223 58,734 58,586 57,888
0 55,406 60,908 61,823 62,930 63,068 | 64,408 69,968 70,862 71,956 72,071
5 55,899 59,365 58,956 58,537 58,536 | 60,833 64,676 64,650 65,251 65,319
BAU_dyn 7.5 56,411 59,787 59,508 59,412 58,706 | 60,616 64,401 63,875 63,910 63,689
9.9 56,732 60,091 59,436 58,972 58,841 | 60,601 64,230 63,457 63,338 62,450
15 58,227 61,493 61,055 60,429 60,021 | 61,637 64,974 64,189 63,911 63,273
0 55,494 58,387 58,781 59,592 59,783 | 62,710 65,667 66,123 66,877 67,069
5 55,093 57,091 56,979 57,306 57,288 | 59,883 62,418 62,460 63,515 63,216
CC_ref 7.5 54,346 56,367 56,104 56,266 56,138 | 58,750 61,282 61,178 61,467 61,091
9.9 53,372 55,476 55,170 55,418 55,167 | 57,557 59,935 59,904 60,200 59,529
15 52,435 55,189 55,075 55,414 54,469 | 56,245 59,132 58,950 59,251 58,460
0 53,916 59,527 60,578 61,133 60,866 | 54,444 59,983 61,137 61,646 61,360
5 53,978 58,529 59,015 59,243 59,207 | 53,076 57,848 58,560 59,038 59,070
Ene_ref 7.5 53,312 57,818 58,183 58,304 58,104 | 52,166 56,914 57,318 57,884 57,346
9.9 52,403 56,843 57,072 57,192 57,015 | 51,110 55,688 56,046 56,235 56,002
15 51,132 55,519 55,693 55,844 55,640 | 49,690 54,156 54,462 54,528 54,352
0 53,8564 57,028 57,261 57,860 57,882 | 53,047 56,279 57,229 58,142 57,930
5 55,173 58,326 58,639 58,788 59,090 | 53,493 56,725 57,318 58,345 58,182
CC&Ene_ref 7.5 54,579 57,772 58,193 58,242 57,940 | 52,811 56,037 56,595 56,999 56,997
9.9 53,679 56,950 57,100 57,686 57,257 | 51,795 55,117 55,366 55,718 55,443
15 52,329 56,127 56,929 57,361 57,009 | 50,387 54,002 54,688 55,209 54,728

to the fact that the economies of scale more than offset the impact of the lower
FiT and self-consumption share of the 15 kW, PV in comparison to smaller
PV systems. BES-coupled PV performed worse than stand-alone systems, but
large PV coupled with large BES (e.g., GB-15-13.3) were relatively profitable
compared to the reference HES. Turning to the HESs with the electrical heat
pump, the DCF of HP-0-0 was clearly one of the worst HESs with a value of €
64,029 (+15.2% with respect to the reference HES). This is unsurprising, given
the comparatively high investment costs of the HP and the volumetric rates
for heating electricity, which were only partially offset by the high efficiency of
this heating system. The coupling of PV improved the financial performance of
the HP, as electricity costs were strongly reduced through PV self-consumption,
achieving a DCF of to € 55,582 in the case of HP-15-0, which is comparable to
the reference HES. Finally, also in the case of HP-based heating, the additional
coupling of BES systems appeared to worsen the financial performance of PV
systems.

In the case of the BAU_dyn scenario, all HESs (excl. the reference HES)
performed worse in terms of DCF than in the BAU scenario (cf. Table @
In the case of a HES with PV, this was mostly due to the lower export rate,
which, in spite of inflation, reached average values over the 20-year period below
5 ¢t/kWh, i.e., well below the guaranteed FiTs in the BAU scenario (cf. Fig.
3). The increase in the average export rate was trivial even for large BES
coupled with small PV (i.e., up to 5.25 ct/kWh). Similarly, the adoption of BES
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Figure 3: 20-year average of withdrawal (import) and feed-in (export) rates
(mean and range of HES-specific values, excl. stand-alone BES systems)

reduced the 20-year average price of imports to the exogenous electrical loaﬂ
(hereinafter EEL) only by up to 3.2% (from 31.43 ct/kWh to 30.41 ct/kWh)
(cf. Fig. |3). As a result, the reference system was found to perform best
in this scenario, followed closely by HESs with a gas system and a small PV
system, especially GB-5-0. In other words, in contrast to the BAU scenario,
there is no incentive to maximize PV system size (cf. Table E[) Moreover,
while the dynamic component slightly lowered the average electricity rate for
the EEL in comparison to the BAU flat rate, it increased the average rate of
HP electricity by up to 3.3% (in the case of HP-0-0) (cf. Fig. [3), resulting in an
even worse financial performance of the HP in this second scenario (cf. Table
7). This could be caused by the fact that the HP consumes electricity mostly
during winter months, when wholesale electricity prices tend to be higher. The
additional adoption of PV improves the performance of HP-based HESs, but the
combination of low export rates and high rates for heating electricity resulted
in significantly higher DCF compared to the reference system (e.g., +11.2% in
the case of HP-15-0).

In the CC_ref scenario, GB-15-0 was again the most profitable HES (cf. Ta-
ble m) However, while the reference system was substantially unaffected by the

27].e, the synthetic electrical load generated by the LPG, which, in contrast to the HP load,
cannot be shifted.
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introduction of demand chargesﬁ GB-15-0 had a higher DCF (+2.3%) than in
the BAU case. This was mainly due to the fact that the majority of the expen-
diture on demand charges could not be avoided through PV self—consumption@
With BES, demand and injection peaks were shaved significantly (cf. Section
5.2). However, the additional savings resulting from coincident demand peak
shaving were partly offset by the fact that feed-in peaks exceeded demand peaks,
meaning that injection charges were levied. Turning to the HESs with HP, HP-
0-0 clearly improved its performance in comparison to the BAU scenario. This
was due to cheaper (-9.2%) volumetric rates, which were not compensated by
additional capacity charges, because HP peaks could be easily shaved. How-
ever, stand-alone HP heating was still significantly more expensive in terms
of DCF than gas-based heating (+13%), and the performance of HP-PV sys-
tems even deteriorated in comparison to the BAU scenario as a result of lower
self-consumption savings.

Turning to the reference system in the Ene_ref scenario (cf. Table , the
reduction in average power volumetric rates more than offset the increase in gas
price, resulting in a lower DCF (-3%). However, large stand-alone PV remained
superior because the 20-year average export rates achieved values of approx. 8.5
ct/kWh (cf. Fig. [3)). This was due to the energy reform, which boosted the
earnings from exporting electricity at real-time market prices. Given the higher
variability of dynamic prices (cf. Fig. , the coupling of BES improved the
level of both feed-in revenue and grid savings. However, this was insufficient
to make the coupling of BES financially attractive and DCF values were still
above € 55,000, due to a drop in the value of self-consumption because of lower
import rates following the abolition of surcharges and the electricity tax. The
most important shift in this scenario concerns HP-based HESs. As a result of
the sharp decrease in average HP electricity rates in comparison to the BAU
scenario (-34.6%, cf. Fig. 7 HP-0-0 achieved a DCF comparable to GB-0-0
(i.e., approx. € 54,000). Given the increased potential for self-consumption, the
additional adoption of a PV system further improved the financial performance
of the HES up to a DCF of € 49,690, which was the best financial result for all
HESs and scenarios. Finally, the adoption of a complete HP-PV-BES system
also resulted in significantly lower DCF values (approx. € 54,000, in the case of
a 15 kW, PV), which interestingly did not vary much depending on BES size.

In the last regulatory scenario CC&Ene_ref shown in Table[7] the profitabil-
ity of the reference system was again (by design) unaffected by the introduction
of capacity charges, whereas stand-alone PV systems with GBs experienced an
increase in DCF due to a reduction in self-consumption savings as a result of
largely non-bypassable demand charges (similar to the CC_ref case). BES was
used both for energy arbitrage (similar to Ene_ref case) and peak shaving (simi-
lar to CC_ref case), but the performance of PV-coupled batteries did not appear

28The levels of such charges were designed to have a neutral impact on standard consumers
(ct. Section,

290n the contrary, coincident feed-in charges were never levied, as a negligible level of cur-
tailment (< 2 kWh per year) was sufficient to avoid feed-in peaks exceeding annual coincident
demand peak in the case of GB-15-0.
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to improve compared to the two previous scenarios. On the one hand, the re-
duction in capacity charges did not match the lack of savings from volumetric
network charges compared to the Ene_ref case. On the other hand, the earnings
from arbitrage did not offset (or surpass significantly) the increase in gas and
battery replacemenﬂ costs compared to the CC_ref case. Turning to HP-0-0,
the average volumetric rates fell by 44.8% compared to the BAU scenario (cf.
Fig. [3]), while the level of demand charges did not increase thanks to peak
shaving (similar to the CC_ref scenario). This implies that HP-0-0 performed
better than the reference system (only) in this last regulatory scenario, with a
DCF of € 53,047, which corresponds to a decrease of -17.2% in comparison to
HP-0-0 and of -4.5% in comparison to GB-0-0 in the BAU case. Once again,
the adoption of a stand-alone PV improved the financial performance of the
HP-based HES. Overall, HP-15-0 performed best with a DCF of € 50,387.

This section has shown how the financial results for BES systems (espe-
cially stand-alone ones) across all regulatory scenarios, independent of battery
capacity, were significantly inferior to stand-alone PV. However, BES coupling
is the rule nowadays rather than the exception among residential PV adopters
in Germanyﬂ which is why the next section focuses on the different operational
strategies of batteries and their impacts.

5.2 Grid load and feed-in

Fig. [4] shows the input profiles and the (net) grid load profiles (i.e., the with-
drawal or feed-in of electricity from or to the grid, respectively) over a 2-day
period in winter, for three selected HESs and for each scenario. The input data
(upper left panel) are characterized by a rather constant heat load with a few
peaks due to DHW demand, an EEL with a coincident peak of approx. 10.3
kW and non-coincident peak of approx 4.4 kW, as well as a low level of PV
generation. In the case of the reference system (GB-0-0), the grid load would
correspond to the EEL in any kind of scenario.

In the case of the HP in the BAU scenario, the coincident peak increased to
13.1 kWp, as the DSO limits on HP electricity withdrawal did not fully match
critical load periods. Given the low PV generation, the additional PV and even
the BES had a negligible impact on load shape, and no effect at all on coincident
peak shaving.

In the BAU_dyn scenario, the coincident peak with HP-0-0 and HP-15-0
was reduced to 10.3 kW, as a result of the correlation between high volumetric
power rates and critical load periods. The electricity withdrawal increased when
power rates were cheaper, which meant that the HP worked more during the
night and more of its electrical load was shifted@ With the 13.3 kWh BES,

30Tn the last two scenarios, batteries were used more intensively, which is why replacements
were necessary more often and sooner.

31The potential reasons for this trend are discussed in Section @

32This implies a loss in efficiency, because of longer heat storage (i-e., more losses through
self-discharge) and because of increased HP operation during colder hours (i.e., lower COP).
However, the increase in power consumption of the stand-alone HP over the entire simulation
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Figure 4: Example of input data and output grid load for selected HESs and
over a 2-day winter period

the coincident demand peak dropped to 5.3 kW, and during a large part of the
high-cost periods, no electricity was imported. On the other hand, large quan-
tities of electricity were imported by the BES during low-cost periods, resulting
in multiple occurrences of non-coincident demand above 8 kW. This finding is
consistent with some of the findings in the literature on dynamic prices: while
this high demand occurs during off-peak periods, if many prosumers responded
simultaneously to the same market signals (i.e., low electricity prices), the result-
ing aggregated demand could cause new critical load periods in the distribution
grid@

In the CC_ref scenario, the BES was used less intensively as it was not
charged through the grid. Battery as well as HP operation were optimized to
reduce both coincident and non-coincident peaks: to 5.31 kW and 2.61 kW,
respectively. However, the incentives in this scenario resulted in multiple occur-
rences of coincident demand above 5 kW, as the demand charge is levied only
once on the highest monthly peak.

period was rather modest when compared to the BAU scenario (approx. 2.2% at most, i.e.,
in the Ene_ref scenario). In contrast, in the CC_ref, the HP consumption was reduced by
approx. -1.3%, as no restriction on HP electricity withdrawal allowed for frequent operation
during warmer hours outside of critical load periods and shorter storage times.

33However, the feedback effect on real-time wholesale electricity prices should also be con-
sidered.
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In the Ene_ref scenario, the grid load profile was very similar to the that of
the BAU_dyn scenario. Minor differences can be detected with respect to the
HP operation, as in this scenario the incentive to shift the HP load to low-cost
periods was far greater and prevails on the additional decrease in efficiency.

In the CC&Ene_ref scenario, the joint effect of the two previous regulatory
scenarios is clear, particularly for HP-15-13.3: large quantities of electricity were
withdrawn when rates were cheaper, and both coincident and non-coincident
peaks were shaved to 5.3 kW (-61.8% compared to the BAU scenario) and 3.2
kW, respectively. Moreover, in contrast to the CC_ref case, multiple coincident
demand peaks were avoided (the second-highest coincident demand was at 2.69
kW), as a result of the correlation between high volumetric rates and critical
load periods, making this BES dispatch strategy the most grid-friendly.
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Figure 5: Example of input data and output grid load for selected HESs over a
2-day summer period

Fig. [5| shows the input profiles (upper left panel) and the (net) grid load
profile over a 2-day period in summer, for three selected HESs and for each
scenario. Unsurprisingly, in contrast to the 2-day winter period, input data are
characterized by the absence of space heating load and by high PV generation.
Only minimal differences were obvious between scenarios with respect to the
grid load of HESs without BES, as the potential for HP load shifting is rather
limited. With the 13 kWh BES, the household withdrew no grid electricity in
all scenarios, but major differences emerged with respect to the feed-in profile:
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only in the scenarios with the CC_ref were feed-in peaks shaved, whereas in the
scenarios with only dynamic rates, there was no peak reduction. The CC._ref
scenario diverges from the CC&FEne_ref with respect to battery discharging
to the grid: in the first scenario, this occurs randomly during off-peak times,
whereas in the latter scenario, the battery exported power during hours with
high export rates.

Table 8: Coincident demand peak over the 20-year period (kW)

Gas heating Heat pump
Battery energy storage (kWh) | Battery energy storage (kWh)
Scenario PV (kWp) | 0.0 3.3 6.7 10.0 13.3 | 0.0 3.3 6.7 10.0 13.3
0 10.3 - - - - - - - -
5 10.3 103 103 103 10.3
BAU 7.5 10.3 103 103 10.3 10.3
9.9 10.3 10.2 10.2 10.2 10.2
15 10.3 10.1 10.1 10.1 10.0
0 10.3 10.3 8.2
5 10.3 10.3 8.2
BAU dyn 7.5 10.3 10.3 8.2
9.9 10.3 10.3 8.2
15 10.3 10.3 8.2
0 103 7.3 6.3
5 10.3 7.3 6.3
CC_ref 7.5 103 7.3 6.3
9.9 10.3 7.3 6.3
15 103 7.3 6.3
0 10.3 103 8.9
5 10.3 103 8.9
Ene ref 7.5 10.3 103 8.9
9.9 10.3 103 8.9
15 10.3 103 8.9
0 10.3 7.6 6.3
b) 103 7.8 @ 6.3
CC&Ene_ref 7.5 103 81 6.3
9.9 103 84 6.5
15 10.3 8.7 6.8

Finally, coincident peaks for all HESs over the entire 20-year IPH were inves-
tigated. Table [§shows how in the BAU scenario, maximum coincident demand
was rather independent of the HES, and the adoption of the HP generally wors-
ened this result. A few deviations occurred randomly (most notably in the
case of HP-15-10), as there were incentives to either avoid or to incur such
peaks. In the scenarios BAU_dyn and Ene_ref, large BES brought about large
coincident peak reductions because of the aforementioned correlation between
high-cost and critical load periods. As was expected, the most consistent peak
shaving occurred in the scenarios CCéFEne_ref and especially in CC_ref. Some
differences between these two scenarios occurred in the case of the smaller bat-
teries, meaning that a trade-off between peak minimization and energy arbitrage
emerged when BES capacity was limited.

Table @ shows how the maximum coincident PV feed-in in the BAU scenario
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Table 9: Coincident injection peak over the 20-year period (kW)

Gas heating Heat pump
Battery energy storage (kWh) | Battery energy storage (kWh)
Scenario PV (kWp) | 0.0 3.3 6.7 10.0 13.3 | 0.0 3.3 6.7 10.0 13.3
5 3.3 3.1 29 27 26 3.3 3.2 33 3.1 3.2
BAU 7.5 5.1 4.9 4.7 4.5 4.5 5.0 4.8 5.0 4.8 4.8
9.9 6.9 6.6 6.4 6.3 6.2 6.7 6.5 6.6 6.5 6.5
15
0
5
BAU_dyn 7.5
9.9
15
0
5
CC_ref 7.5
9.9
15
0
5
Ene ref 7.5
9.9
15
0
5 3.3 33 3.3 33 3.2 3.3 3.3 . . .
CC&Ene_ref 7.5 5.1 5.1 5.1 5.1 5.1 5.0 5.0 5.0 5.0 5.0
9.9 6.9 6.9 6.3 5.3 5.3 6.7 6.7 6.3 5.3 5.3
15 103 90 86 80 74 [102] 80 74 69 6.3

was only marginally reduced through BES coupling (e.g., from 10.5 kW to 9.9
kW in the case of GB-15-13.3). Scenarios BAU_dyn and Ene_ref performed even
more poorly in this regard. Only in the two scenarios with capacity charges were
such injection peaks systematically shaved, but this only concerned the largeﬂ
PV systems, where the maximum generation exceeded the maximum annual
coincident demand. Interestingly, of the two scenarios CCéEne_ref appeared
to be slightly more effective in peak shaving in some cases, with a reduction of
up to 36.8% compared to the BAU scenario (in the case of HP-15-13). This was
due to the fact that dynamic export rates during high PV generation periods
were lower than the FiT of the CCLref scenario, thereby making it comparatively
more profitable to curtail feed-in instead of incurring higher injection charges.

34Feed-in peak shaving occurs randomly and not as a result of tariff design in the case of the
5-kW- and 7.5-kW-PV systems, as their peak generation is below the maximum coincident
demand (cf. Table [8|and Table E[)
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5.3 Impact on carbon emissions

The operatiorﬂ of HESs affected CO5 emissions in both directions: it increased
them, as a result of the energy demand of the household both directly (i.e.,
through the GB) and indirectly (i.e., through grid electricity); and it reduced
them, as a result of the export of electricityﬁ which was assumed to displace
power generation with a carbon intensity equal to the average carbon intensity
of the real-time generation mix. Consumption-related and (negative) avoided
emissions over the 20-year IPH were added up (cf. Eq. in the Appendix),
thereby providing total net CO5 emissions, which are shown in Table In the
case of the reference system, the energy demand of the household caused 81.6 t
CO, emissions over the 20-year period. The additional adoption of PV reduced
emissions by up to 64.3% (i.e., down to 29.2 t in the case of a 15 kW, system).
Such outcomes were independent of the regulatory scenario. The reason for this
is that load cannot be shifted, while the differences in feed-in remain negligible.
The coupling of BES increased the level of PV self-consumption, meaning that
both consumption-related and avoided emissions sunk. In the BAU scenario,
the decrease in consumption-related emissions more than offset the decrease in
avoided emissions, which is why net emissions were slightly reduced when a
battery was coupled to a PV system. This was due to the fact that the grid
electricity is less emission-intensive during periods of high PV generation and
feed-in than during periods of battery discharge. There was an increased saving
of carbon emissions when moving from the BAU scenario to any other scenario.
In the case of capacity charges, BES operation was optimized to reduce demand
during critical load periods that correlate with emission-intensive generation.
In the case of dynamic pricing, energy arbitrage resulted in larger quantities
of electricity being fed in during high-cost periods and withdrawn during low-
cost periods. In the case of the energy reform, the large variability of dynamic
prices reflect the variation in the carbon intensity of the generation mix. For
this reason, emissions savings are greater in the FEne_ref scenario than in the
BAU_dyn scenario, as BES is used more intensively for energy arbitragem How-
ever, the largest reduction in emissions in comparison with the BAU scenario
was achieved in the case of the CCéEne_ref scenario, where both sets of price
signals were involved, resulting in additional emissions savings of up to approx.
2.4 t (e.g., in the case of GB-15-13.3).

Looking at the right side of the table, there is a sharp change in color, as
COz emissions fell considerably when the gas heating was replaced with the
electrical heat pump. In the BAU scenario, satisfying the household energy de-
mand through a HES consisting of a stand-alone heat pump caused 30.9 t CO4
emissions over the IPH, namely a drop of 62.1% when compared to the 81.6 t
in the reference system. When moving to the other regulatory scenarios, emis-

35Life-cycle emissions of energy technologies were not considered. Only the carbon emissions
caused by the household energy demand over the 20-year IPH were considered.

36This was generally self-generated PV electricity, but it could also be low-cost, low-carbon,
grid electricity, which had previously been imported and stored in the battery.

37In other words, the large variability of electricity rates outweighed the additional energy
losses due to storage.
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sions dropped further: down to 30.1 t (-63.2%) in the case of the CC&FEne_ref
scenario, in spite of a more energy-intensive operation of the HP as result of dy-
namic pricing (cf. Section [5.2)). The adoption of PV further reduced emissions
significantly, and, in the case of the 9.9 kW, and the 15 kW, system, emissions
reached a negative level, meaning that the house avoided more emissions than
it caused. Once again, BES coupling further reduced emissions, most notably in
the case of the CCé&Fne_ref scenario, with additional savings of up to approx.
2.7 t (e.g., in the case of HP-9.9-13.3) compared to the BAU scenario.

Table 10: Total net CO4 emissions (t) over the 20-year period, assuming an an-
nual decrease of 9% in the carbon intensity of the German electricity generation
mix

Gas heating Heat pump
Battery energy storage (kWh) Battery energy storage (kWh)
Scenario PV (kWp) | 0.0 3.3 6.7 10.0 13.3 0.0 3.3 6.7 10.0 133
0 - - - - 30.9 - - - -
5 64.1 640 63.7 636 63.6 | 13.2 129 127 127 126
BAU 7.5 55.4 55.3 55.1 55.0 55.0 | 4.5 4.2 4.0 3.9 3.9
9.9 47.0 469 46.8 46.7 46.7 | -39 42 -44 45 -45
15 29.2 291 29.0 29.0 29.0
0 30.6 30.1 29.7 293 29.0
5 64.1 635 629 625 62.0| 129 122 11.7 11.3 109
BAU dyn 7.5 55.4 54.7 542 53.8 532 | 4.2 3.6 3.0 2.6 2.1
9.9 47.0 464 458 454 448 | -4.2 -4.8 -5.4 -5.8 -6.4
15 29.2 28.6 28.1 27.7 27.2
0 30.7 30.7 30.7 30.6 30.7
5 64.1 640 63.7 636 63.5 | 13.2 129 127 125 124
CC_ref 7.5 55.4 55.2 551 54.9 549 | 4.5 4.3 3.9 3.7 3.6
9.9 47.0 469 46.7 46,5 46.5 | -3.9 42 -43 47 48
15 29.2 29.0 28.8 28.6 284
0 30.5 29.6 289 284 28.0
5 64.1 634 628 623 61.8 | 128 12.0 114 109 105
Ene_ref 7.5 55.4 547 54.0 53.5 53.0| 4.0 3.3 2.7 2.1 1.7
9.9 47.0 46.3 45.6 451 446 | -44 -5.2 -5.8 -6.3 -6.7
15 29.2 285 279 273 268
0 30.1  29.2 28.6 28.2 279
5 64.1 634 627 621 615 127 11.9 11.2 105 10.0
CC&Ene._ref 7.5 55.4 54.7 53.9 53.2 527 | 4.0 3.2 2.4 1.8 1.1
9.9 47.0 46.3 45.6 449 442 | -4.5 -5.2 -6.0 -6.6 -7.2
15 292 286 27.8 27.2 265 [-22.2 929 -23.7 -243 249 |

6 Discussion and outlook

The results presented above show how the regulatory framework, which influ-
ences households’ energy-related decisions, entails a vast range of implications
in the context of the energy transition in the residential sector. In the BAU sce-
nariolfl investing in a stand-alone rooftop PV system (as large as possible) and

38Namely the status quo until the first half of 2021, after which energy prices soared to
unprecedented levels.



a gas condensing boiler appeared to be the best option from a financial perspec-
tive, thanks to FiTs, high volumetric electricity rates (i.e., self-consumption
savings) and the relatively low natural gas prices. Although large batteries
in combination with large PV performed better than the reference HES (i.e.,
GB without PV and BES), BES coupling reduced the profitability of PV self-
generation. Such a negative result contrasts with the rapid uptake of residential
BES in recent years. There are several reasons for this divergence. Firstly,
although the national promotion scheme for BES adoption was discontinued in
2018, state- and municipal-level programs continued to subsidize investment in
BES with grants of up to € 200-300/kWh [69]. KfW (a state-owned bank) also
supports investments in PV-BES systems with promotional loans [70]@ Sec-
ondly, such results are based on a large set of technical and economic assump-
tions, e.g., if households assumed a lower discount rate, or had more optimistic
expectations with respect to battery degradation, or more pessimistic expecta-
tions with respect to future retail power priceﬂ all of this would improve the
expected profitability of BES. As a matter of fact, the economic assumptions in
this analysis are based on data that predate the recent spike in energy prices,
meaning that if current energy market conditions were to stay, this would greatly
affect the profitability of HESSE Thirdly, non-monetary factors such as the
availability of back-up power or energy autarky aspiration are often mentioned
in the literature as drivers for BES adoption. However, it remains unclear to
what extent such drivers are important autonomously or are related to percep-
tions and expectations, which, in turn, may affect proﬁtability@ Besides these
considerations regarding PV-BES systems, which are extensively discussed in
the literature on residential prosumers, the authors consider the most important
and novel finding of the status quo scenario to be the joint assessment of the
investment in a new heating system: although sector coupling and especially
heat pumps are one of the pillars of the energy transition, the gas-based heat-
ing system outperformed by far the electrical heat pump, even when the latter
made use of cheap, self-generated PV electricity. Therefore, in this status quo
scenario, the technology that had the potential to avoid most of the household

39Such government-sponsored loans seem to especially favor BES coupling [30].

40For instance, if increasing levels of prosumage were to lead to missing revenue for DSOs
(i-e., the “utility death spiral”), volumetric network charges would increase independent of
inflation considerations. From a game theory perspective, BES adoption might be a rational,
financially-driven decision that would, in fact, even reinforce such a negative trend toward
increasing retail rates.

41Tn this regard, a sensitivity analysis of the financial results of the BAU scenario was
conducted, in which the retail rates of electricity and gas at the beginning of 2022 were
assumed. This meant that volumetric rates increased approx. by 64% for standard electricity,
by 97% for heating electricity, and by 335% for gas, whereas FiTs decreased by approx. 14%.
Under such assumptions, the DCF of all HESs grew substantially, yet, in contrast to the BAU
results, the options with a high level of energy self-sufficiency (with regard to both gas and
electricity) stood out as the best. In particular, adopting a HES with the heat pump, the
largest PV and the largest BES (i.e., HP-15-13.3) led to a reduction in DCF of 29% (approx.
€ 28,000) compared to the reference HES.

42For instance, is the desire of independence of power suppliers a goal in itself or is it
connected to expectations of and risk aversion regarding rising electricity prices?
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CO, emissions, was significantly inferior from a financial perspective and hence
far less likely to be adopted.

In the BAU_dyn scenario, a shift to dynamic electricity prices for retail
consumers occurred, which is a policy reform that has often been proposed in
the literature. It was found that the simple implementation of dynamic pricing
worsened the financial performance of both PV and HPs, resulting in the worst
results in terms of incentives for carbon emissions reduction.

In contrast, in the Ene_ref scenario, a shift to dynamic pricing accompanied
by a COsq-oriented reform of energy taxes and surcharges increased the financial
attractiveness of the HP because of low(er) retail electricity prices (especially
during times of low-carbon power generation), while maintaining the profitabil-
ity of residential PV, as a result of higher export rates following the full pricing
of CO4 in the wholesale electricity market@ Moreover, dynamic pricing led
to a moderate, additional decrease in carbon emissions, as well as to a reduc-
tion in coincident demand peaks through the market-oriented operation of HPs
and batteries. Although dynamic pricing improved the level of grid friendliness
of the operation of BES and HPs in terms of coincident demand, it resulted in
new high demand peaks during non-critical periods that could become critical if
many prosumers were to follow the same market signals. At the same time, the
price signals of this scenario failed to induce the shaving of coincident injection
peaks.

In the C'C_ref scenario, the shift from volumetric to capacity-based network
charges achieved superior results in terms of grid integration, in that not only
coincident demand, but also non-coincident demand and coincident injection
peaks were shaved. However, this regulatory scenario delivered poor results
in terms of incentivising the adoption of the HP over the GB, as electricity
volumetric rates did not fall sufficiently.

Finally, the CCé&FEne_ref scenario combined the positive effects of both re-
forms in terms of COs reduction and grid integration, as the trade-off between
the two objectives was very limited. In fact, the combined effect of the two
reforms even increased the degree of grid friendliness compared to the simple
CC_ref scenario, as the number of coincident demand peaks diminished due to
the correlation between critical load periods and high electricity prices.

In this study, the evaluation of regulatory scenarios went beyond a mere
household perspective, but the methodological approach did not allow for an
all-encompassing, macro-level assessment. The scope of this analysis was lim-
ited to understanding how alternative sets of price signals shape the financially
optimal adoption and operation of a given set of energy technologies in a given
household living in a given housﬁ at a given location. The system perspective

43Such a national-level pricing mechanism would go beyond the ETS and would only apply
to the demand-side of the German electricity market, in order to prevent carbon leakage to
other countries (cf. Section . Of course, a uniform and global carbon pricing mechanism
in every sector of the economy would be ideal. However, this is politically complex, and is far
beyond the scope of this paper.

44 Assumptions on size, energy efficiency, and level of refurbishment of the building determine
crucial input data such as heat demand, investment costs, and suitable heating technologies.
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was incorporated by examining the resulting household grid load in relation
to the real-time network conditions and the real-time carbon intensity of grid
electricity. A broader system-level evaluation would need to consider a hetero-
geneous set of consumer profiles, buildings, and locations, estimate technology
diffusion and households’ grid load across regulatory scenarios, as well as assess
feedback effects of such aggregate households’ decisions on wholesale electricity
prices, on regulated components (e.g., network charges), and on grid operation.
Furthermore, while this paper presented a reform of network charges that aims
to improve the financial sustainability, the cost reflectivity and, to some ex-
tent, the distributional fairness of network charges, it did not measure how the
different regulatory scenarios perform in this respect. Overall, the limitations
of such a micro-level approach indicate the need for further research on such
macro-level impacts.

Another set of limitations regards the high uncertainty concerning future
energy prices and carbon intensity, including the future market design of the
electricity sector. However, the authors made assumptions based on their cur-
rent state of knowledge, especially when considering the assumptions that real-
world households might make when deciding on energy technologies. The opti-
mization approach is a simplification of a real-world household, as the optimal
operation based on a smart energy system manager and a perfect foresight of
load, weather, and power prices over a 48 h horizon may result in overoptimistic
findings. Such an optimistic bias was partially counteracted in this study by
assuming an exogenous electrical load profile, which cannot be adapted to dy-
namic prices, critical peak pricing or PV generation, thereby favoring a potential
overestimation of costs (especially in the CCé&FEne_ref scenario). Overall, such
biases tend to overestimate the relative profitability of BES, while penalizing
stand-alone PVE The potential for demand response, besides the HP control-
lable load, is another aspect that deserves further research. Finally, as in the
case of residential BES systems, other policy-driven factors affect the adoption
of heating technologies, such as national- and regional-level subsidies, building
mandates and promotional loans, which also deserve further investigation.

7 Conclusions

In this study, five regulatory scenarios were devised as alternatives to the status
quo regulatory framework for residential energy consumers in Germany. In par-
ticular, this paper proposed two policy reforms that aim to (i) improve the finan-
cial sustainability and cost reflectivity of network charges; (ii) promote efficient
grid operation; (iii) incorporate the real-time carbon emission intensity into dy-
namic retail energy prices, while removing other energy-specific surcharges and
taxes. The study focused on the case of a 4-person household living in a single-
family house, and evaluated the investment in a new HES consisting of PV,
BES, and either a GB or a HP. By means of a techno-economic optimization

450n the other hand, the relatively low temporal resolution of the PV generation profile
might result in the overestimation of PV self-consumption rates.
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and simulation model, the profitability and financially-driven optimal operation
of such alternative HESs were assessed across the five regulatory scenarios.

In the CCé&Ene_ref scenario, the implementation of both policy reforms has
shown how aligning the incentive structure for households, as energy consumers
and power grid users, with a more system-oriented perspective may be cru-
cial for (i) a more cost-efficient and effective decarbonization of the residential
sector; (ii) a more cost-efficient operation of and investment in the network in-
frastructure. On the one hand, the energy reform incentivized the adoption of
the HP, as opposed to the GB, bringing about very substantial savings in terms
of carbon emissions without increasing the costs for the household. At the same
time, PV profitability was not penalized by such a reform. For these reasons,
a more cost-efficient and effective decarbonization is expected in this scenario.
On the other hand, the combination of both reforms incentivized a grid-friendly
operation in terms of reducing the level and frequency of coincident demand and
coincident feed-in peaks. At an aggregated level, such a grid-oriented operation
of HPs and especially BES is expected to reduce the marginal operational and
investment costs of the grid.

The low financial attractiveness of the HP under the status quo regulatory
framework could call into question the consistency of the climate neutrality tar-
get by 2045 set by Germany’s policy makers, as the installation of gas boilers
involves lock-in periods of 20-25 years. In 2021, the sales of gas boilers ex-
ceeded the sales of heat pumps by a factor of more than four[71]. Even in newly
built houses, the share of gas-fired heating systems was still approx. 26% [72].
A regulatory shift is essential to avoid a failed decarbonization of the residen-
tial sector. Moreover, an earlier and consistent shift from gas-based residential
heating to an electricity-based system would have alleviated the energy crisis
that has been affecting Germany since the second part of 2021, and that has
worsened as a result of the Russo—Ukrainian War.

A full assessment of the cost efficiency of PV prosumage, of the general cost
efficiency of PV generation at Germany’s latitude, or of the optimal level of
decentralization of the power system was beyond the scope of this paper. Ac-
cording to German policy makers, rooftop PV shall become one of the most
relevant parts of the German generation mix. The status quo regulatory frame-
work for residential PV and BES has favored@ the diffusion of these technologies
among homeowners living in single-family houses who can take advantage of the
indirect subsidies for self-consumption, which is why this paper focused on this
segment of the residential sector. However, PV systems ought to be installed
on rooftops independent of the ownership status of the underlying dwellings.
Indeed, PV installations on apartment buildings may be even superior in terms
of cost efficiency compared to single-family houses, because of larger rooftops
(i-e., economies of scale) and potentially higher self-consumption 1evelsm While

46The recent abolition of the EEG surcharge is reshaping the regulatory framework, but
it goes only partially in the direction of the energy reform proposed in this paper. Neither
a COgq-oriented reform has fully replaced this financing mechanism, nor have dynamic retail
power prices been implemented.

47In multi-story apartment buildings, a higher electricity demand per m? of rooftop surface
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such a fundamental aspect was not explicitly addressed in this analysis, a reg-
ulatory shift to a more market-oriented approach for retail energy tariffs, as
in the case of the CC&Ene_ref scenario, would likely benefit the economics of
residential PV in the case of tenant-occupied apartment buildings, both for the
PV operator and the potential electricity consumers (i.e., tenants). The first
could benefit from the higher wholesale electricity rates (following the energy
reform presented in this paper), which are independent of PV size (in contrast
to FiTs) and could even establish a special rate for consumers within the build-
ing. The latter, even without a special rate, could try to increase consumption
from the local PV, as such local consumers would avoid paying the concession
feeﬁ The same regulatory shift could benefit homeowners (or building owners)
who do not want to invest directly in PV, as they could let third-party com-
panies install and operate PV systems on their rooftop, possibly in exchange
for a lease payment. The diffusion of such a business model would imply that
specialized companies would mostly operate PV systems, meaning that further
cost efficiency gains might be expected, as a result of economies of scale and
expertise. Overall, a regulatory shift in this direction may create a level playing
field between homeowners and tenants, independent of the opportunity, capa-
bility or inclination to take an “active” part in the energy transition. Regardless
of general cost efficiency and distributional implications, in the German public
discourse, households’ self-sufficiency aspiration seems to have become a core
value of citizen involvement in the energy transition. A new regulatory frame-
work may overturn such narratives of a low-carbon, decentralized energy system
being reliant on self-sufficiency, and shift public attention to the need for a grid
and market integration of all actors - as grid users, energy consumers and pro-
sumers.

Appendix A Status quo energy tariffs
A.1 BAU tariffs

In order to make an unbiaseﬂ assumption with regard to electricity rates for re-
tail consumers in Germany, several offers from power suppliers were considered,
as retail electricity bills vary significantly in terms of fixed and variable (i.e.,
volumetric, kWh-based) components, as well as potential bonuses for new con-
tracts. A website [73] that compares energy providers, was used to find the best
tariffs for the selected location for a 12-month delivery period. When signing
a new delivery contract, households often receive a bonus for new customers,

may be expected.

48Under the current regulatory framework on local PV electricity for tenants (i.e., Mieter-
strom), PV operators can enter a contract with tenants setting a price below the default
tariff of the local default supplier. On this local electrical supply, only the VAT and the EEG
surcharge are levied.

49Tn the literature on prosumers, assumptions regarding electricity rates rarely distinguish
between fixed and variable components, although this is crucial for the correct assessment of
savings from self-consumption
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which significantly reduces the bill for the first yearm Moreover, electricity
suppliers adapt their fixed and variable charges according to the level of esti-
mated annual consumption. Therefore, offers for a low- and a high-consumption
level (1000 kWh and 5000 kWh, respectively) were taken into consideration by
averaging the estimated annual bill (incl. VAT) of the five cheapest offers, in-
cluding a bonus for new clients, and the five cheapest ones without a bonus.
Subsequently, the volumetric rate (cf. Eq. [A.1) that equalizes the fixed compo-
nent for both levels of consumption (cf. E was derived, obtaining a flat
volumetric charge (rate_std/'**) of 26.0 ct/kWh and a fixed annual charge
(rate_std/™ed) of € 118.52.

(BilllOOOkWh _ Bill5000kWh)

1000 — 5000

rate_std/'*t =

(A1)

rate_std’ ¢ = Bill'%Wh _pate_std!'* %1000 = Bill**%%*Wh _rate_stdf 1t x 5000

(A.2)
With respect to the electricity consumed by the heat pump, lower retail prices
were considered, because in the German context, retail consumers who use
electricity for heating can obtain a second electricity meter and benefit from
cheaper rates. On the other hand, HPs are subject to a limitation by the DSO
in that they cannot withdraw electricity from the grid during certain periods
of the day@ For the estimation of HP electricity rates, the same approach as
above was implemented by retrieving heating electricity tariffs for a low- and
high-consumption household (1000 kWh and 5000 kWh, respectively) with and
without bonuses and then adjusting them to 2019 prices. A flat volumetric
charge (rate_hp/'®*) of 19.41 ct/kWh and a fixed annual charge (rate_hp/i*e?)
of € 66.46 were calculated. Gas tariffs were also estimated in the same way, but
here offers for low- and high-consumption levels were retrieved for 5000 kWh
and for 20000 kWh, respectively. A flat volumetric charge (rate_hpf'et) of 4.63
ct/kWh and a fixed annual charge (rate_hp?i*¢?) of € 136.69 were derived ac-
cordingly. The FiTs for the exported electricity correspond to the values for a
PV system installed in January 2021: 8.16 c¢t/kWh for systems with a name-
plate capacity below 10 kW and 7.93 ct/kWh for the largest system considered
in this analysis (15 kW),).

50Tf customers cancel a contract after the first year of delivery, they can aim to obtain a
new bonus with a new supplier.

51Following the analysis of offers, which were retrieved in the first part of 2021, a lower
value amounting to 25.12 ct/kWh was obtained. In order to harmonize such BAU tariffs with
the wholesale-market data for 2019, it was assumed that retail tariffs at the beginning of 2021
reflected wholesale prices of the previous year, which is why the non-regulated component of
such a flat retail rate was adjusted by applying an increase of approx. 24%. This corresponds
to the change in average volume-weighted electricity day-ahead prices between 2020 and 2019
(i.e., from € 29.52/MWh to € 36.64/MWh [I9]), resulting in an increase in the final retail
rate of approx. 4%.

521p accordance with DSO’s limitations, in the case of scenarios without reformed net-
work charges (i.e., all of them except CC_ref and CCE&Ene_ref), a constraint was set on the
withdrawal of heating electricity during periods between 10:30-13:30 and 17:00-19:00 in the
techno-economic model (cf. Appendix Eq. [F.15).
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A.2 BAU._dyn tariffs

In this scenario, retail power rates include all volumetric regulated price com-
ponents, which constitute most of volumetric charges in the BAU scenario.
They were 21.2 ct/kWh and 16.11 c¢t/kWh (incl. VAT), respectively for stan-
dard electricity and heating electricity. The rest of the kWh charge is dynamic
and corresponds to the wholesale market price plus VAT, except in the case
of negative prices). The export rate corresponds to the wholesale market price
independent of PV size. Wholesale market prices correspond to the day-ahead
hourly prices for Germany from year 2019. Such data are described in Section
9.2.9

Appendix B Cross-validation of capacity charges

According to the local DSO (Westnetz) data from 2019, grid electricity con-
sumed by standard load profile (SLP) customers (i.e.,Nicht leistungsgemessene
Kunden) was 12,974,028,800 kWh. The present study assumes that, in line with
national-level data [I1], only 8.6% of this electricity was used for electric heating,
benefiting from a lower volumetric network charge of 1.79 c¢t/kWh (incl. VAT).
The remaining consumption was assumed to be subject to the regular network
charge of 6.88 ct/kWh (incl. VAT). Consequently, the revenue from volumetric
charges from SLP customers was approx. € 836 million. It was assumed that
4 million SLP customerﬁ paid a fixed charge of € 78.18 (incl. VAT), adding
up to approx. € 1,148 million in total revenue from both fixed and volumetric
network charges.

In order to estimate the revenue from demand charges, firstly the average
consumption of standard-use electricity resulting from the aforementioned as-
sumptions was calculated as 2,964 kWh. Secondly, after a brief analysis of
several synthetic load profiles, average monthly peak-to-average (PTA) ratios
for on-peak and off-peak demand were assumed: namely ﬂ and 15, respec-
tively. Considering the average consumption level (i.e., 2,964 kWh), these PTA
ratios resulted in average monthly peaks of 3.05 kW for on-peak demand and
5.08 kW for off-peak demand. Finally, the revenue from demand charges was
calculated by multiplying the average demand peaks, the number of months
in which the charge would be 1evied]§| the respective on- and off-peak charges
(namely € 5 and € 2.50, incl. VAT), and the number of SLP customers (4
million). This amounted to approx. € 548 million from on-peak charges and
€ 609 million from off-peak charges respectively, adding up to approx. € 1,157

53The number of connections to the low-voltage grid was 4,159,891.

541n this analysis, monthly coincident peaks varied greatly: in the months between April and
October critical load periods did not seem to be correlated with typical residential demand
peaks, as they occurred in rare instances and in the hours around midday (cf. Table .
Winter months, in contrast, abounded with critical periods, which were directly linked with
residential load patterns. For this reason, winter months tended to have coincident PTA ratios
well above 10, whereas in warmer months PTA ratios were sometimes even below one

551.e, 9 in the case of on-peak charges, as no network peak occurred between July and
September (see Table . In contrast, off-peak demand charges would be levied every month.

36



million in total revenue from demand charges. To this rough estimate, the rev-
enue from injection charges must be added, which is why the assumed level of
capacity charges is considered more than sufficient to match the revenue of the
current status quo (i.e., € 1,148 million).

Appendix C FEne_ref data

The data on wholesale electricity prices consists of day-ahead hourly prices
of the electricity market bidding zone comprising Germany and Luxembourg,
which were retrieved from the ENTSOE platform ([74]). The data on EU ETS
allowances (i.e., COg price) were retrieved from ([75]). The data on electricity
generation by generation type in Germany consist of the “Aggregated generation
per type” data in a 15 min resolution, as collected by transmission grid operators
and published on the ENTSOE platform [76, [74]. The data on COy emissions
of the German electricity mix were published by the German Environmental
Agency [I8]. Table [11) shows the emission factorsm which were derived either
directly or indirectly from [18]@ With respect to the emissions caused by the
gas boiler, an emission factor of 201 g COs per each kWh of natural gas was
assumed [I§].

Table 11: Assumed emission factors by type of generation (g COz/kWh)
Hard coal Lignite Nat. Gas Petroleum prod. Waste Other

852 1135 409 813 0 795

The data on electricity generation from [74] with the total gross generation
from [18] needed to be harmonized. The hourly source-specific generation values
were adjusted for a constant factor, by which the sum of each generation type
of the first data sourc@ (i.e., [74]) equals the annual values published in the
second data source (i.e., [I8]). After this data set adjustment, the CO5 intensity
of the German electricity mix was estimated in an hourly resolutionﬁ

560nly carbon emissions directly deriving from electricity generation were considered,
whereas life-cycle emissions of power generation technologies were not.

57Emission factors of hard coal, lignite and natural gas were published directly in [I8] and
refer to the year 2019. For the remaining types of non-carbon-free generation, emission factors
were derived using the data on source-specific gross electricity generation (in TWh) and their
respective COg emissions (in Mt). To reduce rounding up errors, the computed emissions
factors were averaged over a 5-year period (2015-2019). The emission factor for “waste” was
set to 0, as emissions from municipal waste power plants are not included in the EU ETS
[77]. The remaining types of power generation were considered carbon-free, namely: nuclear,
biomass, wind, PV and hydroelectric.

58 Apart from minor discrepancies across sources, ENTSOE data do not cover all power
plants and systematically underestimate the actual generation for some energy types (e.g.
natural gas) [76].

59Such hourly emission factors of the German power mix consider only electricity production
occurring in Germany. They do not fully reflect the carbon intensity of electrical consump-
tion, which also depends on international power flows. In the case of Germany, considering
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Appendix D Heat pump parameters

Table 12: Temperature-varying maximum output power (kW) and efficiency
(COP) of the HP

External (air) Flow (water) temperature (°C)
temperature 35 55
(°C) kW coP kW copr
-15 5.8 2.5 5.2 1.7
-7 7.2 2.8 6.0 1.7
2 9.4 3.4 8.7 2.3
7 10.8 4.2 9.5 2.7
15 11.4 5.8 10.7 3.3
20 12.0 7.2 10.6 3.8
25 11.0 8.7 7.8 4.3
30 10.8 9.0 8.2 4.8
35 11.2 9.3 8.4 5.5

Appendix E Typical periods

In order to reduce the number of optimizations and, thus, the total compu-
tational time of the operation module, an 8-day typical period for each of the
meteorological seasons was selected. The aim was to choose a period of 8 consec-
utive days that best mirrors the seasonal costs of meeting the household’s energy
demand, as well as the potential revenue from electricity exports to the grid.
The selection of typical periods is based on a set of simplifying assumptions:

e The HES consists of a 9.9 kW PV system, a heat pump and no BES
system.

e No heat is stored, meaning that heat generation is neither deferred nor
optimized.

e The heat pump can be operated simultaneously at 35 °C and 55 °C.
Therefore, a simplified HP load can be derived (cf. Eq. [E.1)).

Sth DHWt
HP_load, — E1
04t = 5oP3s, T COP5a, (E.1)

production-based carbon intensity as a proxy for consumption-based carbon intensity, on
average, may lead to a slight overestimation of the latter [78]. However, the German Envi-
ronmental Agency calculates domestic electrical consumption on the assumption that power
imports and exports have the same generation mix and carbon intensity [I8]. Therefore, this
paper assumes that a real-world implementation of such a national COg2 pricing mechanism
would most likely consider the domestic, production-based carbon intensity.
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Dispatch rules are set for PV electricity, according to which it supplies firstly

the EE@ (see Eq. and Eq. in Appendix , secondly supplies the
heat pump load (cf. Eq. , and finally is exported to the grid (cf. Eq. [E.3).

PYHP _ HP_load,, if PV" — PVEEL > HP load, (E.2)
T PV — PVEEL otherwise '
P‘/;Gm'd — Pvtgen _ PVtEEL _ PV;HP (E3)

Therefore, the net kWh-based costs are calculated using the energy rates of the
BAU scenario.

tp_costs; = ((EEL; — PV;EFL) x rate_std, + (HP_load; — PVP) x rate_hp,
1

EWEWh
(E.4)

—PVET x rate_exp,] x

Finally, the average net cost of energy over all meteorological seasons, de-
fined as 3-month periods (i.e, December—February, March—-May, June-August,
September-November), is calculated. Similarly, the average net kWh-based cost
of energy for each 8-day period within each season is calculated, after which the
period that better replicates the seasonal average was chosen.

Appendix F Techno-economic model

Table[[3]shows the time indexes used in the two modules of the techno-economic
model, which range from 15 min time steps reflecting the temporal resolution
of the operation optimization to annual time steps needed for the cash flow
simulation of the investment module.

Table 13: Time indexes of the model

Symbol Description Range
y year within planning horizon {1,2...Y =20}
S 8-day typical period {1,2...5 =4}
oh 48 h optimization horizon within s {1,2...0H =4}
t 15 min time step within oh {1,2.T+1=197}
ts 15 min time step within s {1,2..T'S = 784}

60The exogenous electrical load, i.e, the synthetic electrical load generated by the LPG,
which, in contrast to the HP load, cannot be shifted.
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F.1 Operation module

Table |[14] provides an overview of the parameterﬁ and the variables of the op-
eration module, as well as their respective ranges or, in the case of variables,
upper and lower bounds (i.e., model constraints). The following sections de-
scribe how the energy dispatch is optimized through the cost minimization of
volumetric and capacity charges.

F.1.1 Volumetric charges minimization

This section describes the equations needed to minimize the net volumetric (or
kWh-based) charges, i.e., the charges levied on the amount of purchased energy,
minus the potential revenue resulting from electricity feed-in.

Equations [F-]] and [F~2] show how the flow of power from the PV system to
the EEL is determined following a simple dispatch rule, i.e., PV generation is
used firstly to meet such a demand (cf. Eq. and .

Pv;surplus — P‘/tgen - EELta if P‘/tgfn > EELt (Fl)
0, otherwise
EEL;, if PV >0
e N (F.2)
PVI" otherwise

The electricity from the PV system can flow to the load, to the heat pump, to
the battery system, to the grid, or be curtailed (cf. Eq. [F.3].

P‘/}gen — P‘/tEEL_'_P‘/;HP?)S +P‘/;HP55 _"_P‘/;BES_’_P‘/;Grid_"_P‘/tCuTt (FS)

In the case of scenarios without demand charges (e.g., BAU), the export of
electricity to the grid is capped at 70% of the maximum power of the PV system

(cf. Eq. [F.4]).
PVETd + BESET < PV _pow x Feed — in!™™" (F.4)

When a heat pump is provided, the heat load profiles for space heating and for
DHW are supplied via two heat storage systems (HSs), which contain water at

35 °C and 55 °C, respectively (cf. Eq. and |F.6]).
SpH, = HS357H (F.5)

DHW, = HS55PHW (F.6)

The SoC of the two heat storage systems at the beginning of each s are fixed
at given initial values, whereas the SoCs at the beginning of each subsequent
oh correspond to the SoCs at the beginning of the overlapping period of the
previous optimization (cf. Eq. and ) Finally, at the end of the s, the
storage systems return to their respective initial conditions (cf. (cf. Eq.

61 Additional system parameters can be found in Tables EI, and
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and [F.10)). In the remaining time steps, the SoCs are determined by the SoC
of the previous time step adjusted for the losses due to self-discharge, as well as
by the charge from the heat pump and discharge to the respective heat loads

(cf. Eq. and [F.12).

HS35_soc™™, if oh =1
HS35_s0¢1 op, = 50¢ no . (F.7)
’ HS535.s0¢t 1 o1, Otherwise
HS35_s0cri1,00 = HS35_soc™ (F.8)
HS55_soci™t, if oh =1
HS55_s0¢1 o5, = . (F.9)
’ HS55.s0ct 1 o1, Otherwise
HS35_socri1,00 = HS35_soc™ (F.10)
HPH$35 _ gg355rH
HS35_s0c; = o x (HS35_s0ct_1) + (HF; 1kaWh 1) (F.11)
HPHS55 _ HS55DHW
HS55_soc; = o x (HS55_s0ci—1) + (HP=T ) (F.12)

LW kWh

The flow of power to the heat pump can be supplied by three different sources:
the grid, the PV, or the BES. The COP depends on the external air temperature
at each given time step (cf. Table . Such coefficients determine the efficiency
at which electricity is converted into heat at the output water temperatures of

35 °C and 55 °C (cf. Eq. and Eq. [F.14).
HPHS3 = COP35, x (GriddP3° 4 pyHF3S 4 BESHP35) (F.13)

HPHS% = COP55; x (GridP% 4+ pyrss + BESHPss) (F.14)

In scenarios without demand charges, the local DSO limits the withdrawal of
electricity for heating to some specific time slots (cf. Eq. [F.15).

Gridf'’" = 0 = Grid'™"® = Grid"* =0 (F.15)

The heat pump cannot operate simultaneously at 35 °C and 55 °C, which is why
fictive costs, HP_docop,s, are set, by which the simultaneous dual operation of
the HP is strongly disincentivized and, therefore, avoided (cf. Eq. [F.16]).

T
HP_docons = » (HPFS% x HP9%) x 1000 (F.16)
t=1

In the simulations in which the heating demand is supplied by a gas boiler, there
is no storage for space heating, as heat is generated on demand (cf. Eq. [F.17).
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In contrast, heat storage for DHW is still provided (i.e., Eq. still holds) to
guarantee a minimum level of ready-to-use hot water (cf. Eq. [F.18])

SpH, = GB"" (F.17)

(GB}'55° — HS55PHW)
LW kWh

The operation of the gas boiler and its efficiency for heat generation determine
the demand for gas (cf. Eq. . Such an efficiency rate is assumed to be
constant and equal for both operation modes. The non-simultaneity of space
heating and DHW generation is not modeled explicitly, since a relatively limited
demand for space heating should be easily shifted without additional costs (given
the thermal inertia of the building)ﬁ

HS55_soc; = o x (HS55_soci—1) + (F.18)

Gas(®? = (GBI + GBI%) x —

= (F.19)

When a BES system is provided, the optimization is subject to an additional
set of constraints. The BES can be charged with power from the grid or the PV
system, but the total charged power at each time step cannot exceed the input

power rating of the battery (cf. Eq. [F.20).
PVBES + GridPPS < BES ipow (F.20)

The BES can discharge to supply power for the EEL or the heat pump, or to
export power to the grid. The total discharged power at each time step cannot
exceed the output power rating of the battery (cf. Eq. [F.21)).

BESFF" + BES}'" + BESFF" < BES opow (F.21)

The SoC at the beginning of each s is set to BES_soc™, whereas the SoC at
the beginning of each subsequent oh corresponds to the SoC at the beginning
of the overlapping period of the previous optimization (cf. Eq. . At the
end of s, the BES returns to BES_soc™ (cf. Eq. [F.23). In the remaining time
steps, the SoC must equal the previous SoC, plus the electricity charged, minus
the electricity discharged. The charging and discharging flows are adjusted for
the conversion losses from DC to AC and vice versa, i.e., battery charging and

discharging efficiencies (cf. Eq. [F.24]).

BES _soc™, if oh =1
BES _soci op, = . (F.22)
’ BES_socz .1, otherwise

BES_socri1,00 = BES _soc™ (F.23)

62In the case of a heat pump, in contrast, heat storage is required to shift a major share
of the heat load, as a result of operation optimization with respect to variable COP, PV
generation, dynamic electricity prices, and DSO limits.
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(PV,BTS + GridPE9)
LWEWh

cha

BES _soc; = BES _soc;_1 +

(BESPEY + BES[' + BESERY) 1
- SRR fo0r1<t§T—+—1
Finally, the net kWh-based costs resulting from volumetric charges, which de-

pend on the electricity and gas flows and their respective rates, are defined (cf.

Eq. [F.25)

(F.24)

T
kW h_costsep, s = Z[(Gridfﬁfs + Gridfﬁfs) x rate_stdy on,s + (Gridﬁof’f
t=1
+Gridf£?s5) X rate-hpy oh,s — (PVC:;’;Z’i + BESE;,?S) X rate_erpy oh,st
Gasfﬁﬁs X rate_gas] x TIVRWE
(F.25)

F.1.2 Capacity charges optimization

In scenarios with capacity charges, the grid operator levies a demand charge
on the maximum demand of electricity withdrawn within a 15 min time step.
Such kw-based costs are charged on a monthly basis and on two different de-
mand peaks of the user at two different rates: one for the highest peak that
coincides with a critical load period in the grid (i.e., maz_imp?, * °®F) and one
for the highest peak that does not coincide with a critical load period (i.e.,

of f—peak

ohs ). Moreover, a minimum charge is levied for off-peak demand

max_imp
(i.e., min_kw°ff=Peak) " as this replaces fixed network charges. Given a 48-hour

optimization horizon, optimized user’s peaks in each oh are carried over to the

following optimization (cf. Eq. and |[F.27). By doing this, the charges
levied in previous optimizations are considered as sunk costs.

. on—peak O, if oh =1
max_im > F.26
Poh,s - {maximpzz_fesak, otherwise ( )
i ff—peak if oh =1
 off—peak min_kw® , ifo
max_im > _ F.27
Poh,s - {maximpgﬁfl’fak, otherwise ( )

When a PV or BES is provided, an equivalent charge on a monthly is levied on
the maximum feed-in coinciding with a critical injection period in the grid. Such
on-peak injection charges are levied on the additional peak above the maximum
annual import peak (cf. Section, which is why the optimization takes into
account the demand peaks of the previous seasons (cf. Eq. .

0, ifoh=1andif s =1
mam,empzzgpeak > max,impooniie_alk, ifoh=1andifs>1 (F.28)
mazx_expo, % ¥ otherwise
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Such optimized user’s peaks represent the caps on on-peak and off-peak imports
(cf. Eq. [F.29)), as well as the cap on on-peak exports (cf. Eq. [F.30).

maz_imp° P if Ipeak™ = 1
imp;** = { , pzl}’f_peak peat V t € oh,s (F.29)
mazx_imp’;’ otherwise
oh,s ’

expy Yt € oh,s (F.30)

on—peak . nw __
cap _ ) MATCTPyy, ¢ , if epeaky™ =1
00, otherwise

Therefore, in the scenario with demand charges, an additional constraint is
set on imports from the grid (cf. Eq. , whereas Eq. replaces the
constraint defined in Eq. [F.4]

GridPPE 4 Gridd T3  Gridl' 7% 4+ GridPPS < imp{*®® (F.31)

PVETd 4 BESFT < eapi®? (F.32)

Finally, the kW-based costs resulting from capacity-based charges that are part
of the objective function can be defined (cf. Eq. . Given the 48-hour opti-
mization horizon, the model would overestimate the weight of monthly capacity
charges relative to the volumetric charges. Therefore, the capacity charges are
adjusted in proportion to the share of the month in which they are calculated,
namely oh_weight = 2

30"
. —peak — , —peak
EW _wcostsopn.s = (maz_imp°™ P x cconreak o pap imp2l/—Pea
> oh,s oh,s (F 33)
of f—peak on—peak on—peak ; ’
xcc + max_exp,;, . X cc ) X oh_weight

F.1.3 Objective function

The model minimizes the net costs within each 48-hour optimization horizon
(cf. Eq. . The optimization is implemented in Python using the Gekko
Optimization Suite [79] and either the APOPT solver, in the case of a HES with
a heat pump, or the IPOPT solver otherwise.

Obj = Min(kWh_costsep,s + HP_docep,s + kW _wcostson,s) (F.34)
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Table 14: Parameters and variables of the operation module

Description Symbol Range/Bounds
Parameters:
Exogenous electrical load (kW) EFEL, [0, 10.43]
Space heating load (kW) SpH, [0, 3.86]
DHW load (kW) DHW, [0, 12.08]
PV generation (kW) pPygen [0, 0.745%x PV _pow]
Constraint on PV feed-in (%) Feed — intmit 70
Constraint on grid pow. to HP (bool.) GridflP-on {0,1}
Critical load period (bool.) lpeak™ {0,1}
Critical injection period (bool.) epeak]™ {0,1}
Conversion rate KWh/kW EWHEWh 4
Std. withdrawal rate (€/kWh) rate_std, cf. Table
HP withdrawal rate (€/kWh) rate_hp; cf. Table
Feed-in rate (€/kWh) rate_expy cf. Table
Gas rate (€/kWh) rate_gas cf. Table
On-peak capacity charge (€/kW) ceon—peak cf. Table
Off-peak capacity charge (€/kW) cco [—peak cf. Table
Derived parameters:
Pow. from PV to EEL; (kW) PVEEL of. Eq. [F.1]and [F2]
BES max input pow. (kW) BES _ipow BES _opow + nche =pdis
HP max input pow. at 35 °C (kW) H P35 _ipow, H P35_opow; ~ COP35;
HP max input pow. at 55 °C (kW) H P55 _ipow, H P55_opow; +~ COP55,;
Heat from HS at 35 °C to SpH; (kW) HS35571 SpH,
Heat from HS at 55 °C to DHW, (kW) HS5571 DHW,
Heat from GB to SpH; (kW) GBS SpH,
Variables:
Pow. from PV to HP op. at 35 °C (kW) PVHP3 [0, HP35_ ipow)
Pow. from PV to HP op. at 55 °C (kW) PVHP [0, HP55_ ipowy)]
Pow. from PV to BES (kW) PV,BES [0, BES _ipow)
Pow. PV to grid (kW) pygrid [0, PV _pow,]
Pow. from grid to EEL; (kW) GridPEL [0, +00)
Pow. from grid to HP op. at 35 °C (kW) Gridf'P3s [0, HP35_ ipow,]
Pow. from grid to HP op. at 55 °C (kW) GridfiTs [0, HP55_ipow,]
Pow. from grid to BES (kW) GridP?s [0, BES ipowy)
Pow. from BES to EEL (kW) BESEFL [0, BES opow;
Pow. from BES to HP op. at 35 °C (kW) BESHP3 [0, HP35_ipow)
Pow. from BES to HP op. at 55 °C (kW) BESHP [0, HP55_ipowy)
Pow. from BES to grid (kW) BESET [0, BES _opow]
BES SoC (kWh) BES _soc, [BES_soc™", BES soc™%|
Heat from HP to HS35 (kW) HPHS3 [0, HP35_opow,]
Heat from HP to HS55 (kW) HPHS% [0, HP55_opow,)
SoC of HS at 35 °C (kWh) H S35 _s0c, [HS35_soc™™, HS35_cap]
SoC of HS at 55 °C (kWh) H S35 _so0cy [HS55_soc™™, HS55_cap]
Max. coincident demand (kW) max,impzzzpeak cf. Eq. [F.26
Max. non-coincident demand (kW) max,impg‘,t‘f:peak cf. Eq. [F.27
Max. coincident feed-in (kW) mazx_exp’y Pk cf. Eq. [F.28
Intermediate variables: '
Cap on grid withdrawal (kW) imp; " cf. Eq. [F.29
Cap on grid feed-in (kW) exp;™? cf. Eq. [F.30

Abbreviations: boolean (bool.), power (pow.), operating (op.)
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F.2 Investment module

In this module, the model extends the optimized energy dispatch resulting from
the operation module over an investment planning horizon (IPH) of 20 years.
The EEL and the optimized heat pump load, as well as the energy dispatch
of the gas heating system, remain constant over 20 years. The PV generation,
in contrast, diminishes after each year of operation by a fixed rate (PV _deg,
cf. Table . The energy dispatch of the PV electricity aims to replicate the
optimized flows resulting from the operation module. After the first year, given
the decrease in PV output, the model follows some priority rules: it matches
firstly the flow to the EEL, secondly the flow to the HP load, thirdly the flow
to the BES, and finally the export of power to the grid. However, in a scenario
without demand charges, in the time steps in which the heat pump cannot be
powered with grid electricity, the model matches firstly the flow from PV to the
HP load, since whenever the optimized flows to the loads cannot be replicated
because of insufficient PV electricity, the remaining demand is supplied by the
grid. Conversely, in the case of insufficient generation, the power flows to the
BES and the grid are simply curtailed. Moreover, the optimized dispatch of the
first year cannot be fully replicated because of battery capacity fade. Since the
capacity fade of the BES depends on its operation, the System Advisory Model
(SAM, version 2021.12.2) [65] via its Python package PySAM (version 3.0.0)
[68] is run to simulate battery aging over the 20-year IPH. In SAM, batteries
are set on the basis of the BES characteristicsﬂ which are assumed for the
operation module. SAM default values for Li-NMC batteries with regard to
the chemical and voltage properties are employed, as SAM simulates battery
operation in a greater level of detail (e.g, AC-DC conversion efficiencies are
not constant). With regard to the battery dispatch, the optimized dispatch
resulting from the operation module is inputted as a target for SAM, which
operates the battery accordingly, as long as this remains within the battery’s
operational limits. Moreover, load and generation profiles are inputted for a
365-day year, which is why the four 8-day typical periods are repeated 11 times
plus one additional 8-day spring period and a period comprising the first 5 days
of an autumn. With respect to the battery’s capacity fade, the SAM lifetime
model for Li-NMC batteries is employed. All HES components have a lifetime
of 20 years. The battery bank, however, is replaced if the BES capacity reaches
80% of its initial value. In the case of a replacement, a liquidation value of the
BES is calculated. This value depends on the residual capacity of the battery
at the end of the investment planning horizon within the SAM’s simulation
(BES _rescapy).

100 — BES _rescapy
100 — 80
As a result of the modeling of PV and BES degradation, the energy dispatch for

multiple consecutive 32-day periods (consisting of four 8-day typical periods) is
obtained. One of these periods is selected (i.e, the 6** iteration of 11) for each

repex_lig = (1

) X repexy (F.35)

63i.e., capacity, power rating, charge and discharge efficiencies.
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year. Such a period is used as a basis for the conversion into annual cash flows.
The volumetric charges (cf. Eq. and capacity charges (cf. Eq. are
summed by each season and year. Note that not only power flows change from
year to year due to system degradation, but energy rates (except FiTs) and
capacity charges increase annually due to inflation.

TS

kW h_costss ,, = Z [(Grzdf‘;b;@ + Gridﬁiz) x rate_stdys s+
ts=1

(Gmdgi?’j + Gridgi?;) X rate_Apes sy (F.36)
(PVS?Z + BESgT;‘Z) X rate_expis sy
1
GB
+Gasyy, , X rate_gas,] x TIVRWE

kW _costss, = [maz_impS,~ peak 4 (maa._ expg,” reak _ mag “impy" peak)] cczn_pe“k

+max,zmpgf;f peak ccgff_peak
(F.37)

In order to calculate the annual energy costs (cf. Eq. , the 32-day period is
scaled up to a full year, which is why a weight to each s is assigned. In the case
of volumetric charges (vc_weighty), such weights depend on the number of days
of each season within a year: i.e., %0 for winter, %2 for spring and summer, %1 for
autumn. In the case of capacity charges (cc_weights), the weights correspond
to the number of months of each season within a year, which are all equal to 3.

s s
ene_costs, = Z kW h_costss y x ve_weights + Z EW _costss y x ccweight
s=1 s=1
(F.38)
After adding up totaﬁ investment (capex), operating (opex) and replacement
(repex) costs, the annual cash flows can be grouped in order to calculate the
discounted cash flow (cf. Eq. [F.39), for the case in which a small-business
taxation regime is assumed (see [30] for details on fiscal aspects).

A+dy  (1+d)Y (1+dyv
(F.39)

Y Y
opex repex repex_li ene_costs
DC’FSBT*cape:CJrE p y JrE pety TP qug Y
y:1

By adding the cash flow of VAT payments and reimbursements, either over
the entire IPH (cf. Eq. or over the first 6 years(cf. Eq. , either
the discounted cash flow resulting from a regular taxation regime (DCFTT) or
from a mixed taxation regime (DCFMT) can be obtained. Generally, the mixed

64Namely the sum of the costs of the different HES components (cf. Tables and @)
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taxation regime results in the lowest DCFE which is why the results’ section
reports the financial assessment under this last taxation regime (cf. Section

51).

Y Y )

opex repexy  re ex_li

DCFRT = capeq + Y 2200 N~ TP TEPEPd
=1 y:1

(1+d)yv 1+dy (1+ad)Y
. t Y pvan (F.40)
ENe_Ccosts CJ-
+> Yy ¥
o (+dy o (+d)y
Y .
lig
DOFMT _ opex, repex,  repex
cape”“rzl 1+d)y+z1 1+dy  (tdY
- - (F.41)

Y 6
ene_costs, cf VAT,
+y§ (1+dy +y§ (1+d)

By means of time-varying emission factors of grid electricity, emf_gridis sy,
declining at the annual rate carbon_emissions_dec (cf. Section , as well as
the constant emission factor of natural gas emf_gas, the net carbon emissions
caused by the household energy demand and feed-in over the IPH are calculated
(cf. Eq. and Eq. . This represents the net impact on COs emissions,
which consist of (i) direct emissions from the GB; (ii) indirect emissions due to
the withdrawal of grid electricity; as well as (iii) avoided emissions due to the
feed-in of PV electricity into the grid.

TS
carbon_emissions, , = g [(Gmdiil;} + Gridﬁii + Gridﬁ,i?j’ + Gridgf:if) x emf_grids sy
ts=1
Grid Grid .
( Vvts ?y + BEStsTsZ,y) X emf*gTZdts,s,y
GB
+Gas ., X emf_gas] x TRWR
(F.42)
Yy S
tot_carbon_emissions, = E g carbon_emissionss , X vc.weight, (F.43)
y=1s=1

65Because the mixed regime takes advantage of the benefits of the two other taxation vari-
ants. It starts under the regular taxation regime, meaning that the VAT levied on the initial
investment costs of PV and BES is reimbursed. After 6 years, the prosumer can switch to
the small-business taxation regime, meaning that self-consumed electricity can be exempted
from VAT. In the case of HESs without PV and BES, the taxation regime plays no role, as
the VAT levied on the heating systems cannot be reimbursed.
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