1. Component modelling

The investment costs for [photovoltaic (PV)| home storage system (HSS)| [heat pump (HP)| and jhot water|
storage (HWS)]are modelled in dependence of the scenario year. For[PV|systems and [HSS|investment costs have
increased during the energy crisis [I]. Moreover, for these components we make the assumption that investment
costs in 2023 are identical to those in 2022. For 2030, for solar [PV] installations an average cost reduction of
2% per year from 2022 on is considered, according to [2]. For investment costs are projected to decline
by at least 54% from 2016 towards 2030 [3]. Considering an average system price (exclusive inverter) of 1,364
€/kWh for an in 2016 [4, [5], the price for 2030 is calculated to 627 €/kWh accordingly. For battery and
inverters, we assume a constant price of 100 €/kW for all scenarios, derived from [6]. For 2020 air-source
investment costs we assume a value of 1,856 €/kWy,, which is the average value for 2019 reported in [7]
(with a conversion factor of 0.88 from USDollar to euros). In addition, it is assumed that there is a general price
decrease for and a technology advance towards 2030, according to [8]. Furthermore, for investments we
do not consider additional costs for exchange of radiators, window replacement, or additional insulation of the
building. Recent studies show that for a substantial share of German buildings a [HP| can be installed without
these additional measures [9] [I0]. For all components, fixed annual costs for operation and maintenance are
stated as percentages of the total initial investment costs.

The [PV] potential of German households depends on the regional topology and is higher on the countryside
than in urban settlements [IT]. Therefore, a smaller (8.7 kWp) and a larger (13.7 kWp) solar [PV]systems are
modelled to account for a typical range of households. For the system, we do only consider one size (9.4
kWh). This is chosen as Figgener et al. [I] find that on average home owners purchase this size of which
is close to the size of the average [PV] system power. Furthermore, the purchase of an [HSS|is mainly driven
by ideological reasons with regard to the energy transition and the striving for self-sufficiency rather than by
economics [4]. For heating, most [single-family homes (SFH)|in Germany have a combined central system that
supplies [space heating (SH)|as well as |hot water (HW )| for direct use through a boiler [I2]. The typical size for
a combined thermal storage in combination with a gas-fired boiler is assumed to be 25 kWh [13]. Therefore,
for thermal storage we model a combined tank with a size of 25 kWh for [SH| and [HW] supply, both for a [SFH]
with [gas boiler (GB)|and air-source For modelling of air-source a variable [coefficient of performance
(COP)|is considered (average 3.99). It is calculated according to the formula in with Tgource as the variable
ambient air temperature [I4]. For simplification reasons, we assume that an average supply temperature Ty
of 50°C is sufficient for all household configurations [7]. The quality grade ngp of the air-source is chosen to
be 0.4, according to [I4]. In addition, for installations the sizes are separately optimized for each household
configuration. The electric ffop-up coil (TC)|is only optimized for scenarios including a to cover high peaks
in heat demand. For storage components, self-discharge losses of 0.17% per day for [15] and 4.1% per day
for thermal storage [I6] are accounted for in the modelling. Another parameter to be set for storage is the
fenergy-to-power (E2P)|ratio. For we choose a typical value of two hours [5] whereas for it is set to
0.25 hours with the assumption that power availability is not critical for a thermal buffer storage.

Toink + 273.15°C

COP =
Tsink - Tsource

‘NP Tsink = 5000, nep = 40% (1)

In contrast to the operation of renewable components the manufacturing accounts for substantial
[house gas (GHG )lemissions as it requires substantial amounts of materials and use of energy. For solar
an emission factor of 810 kg CO2eq./kWp is taken from [I7] which accounts for modules manufactured in
China with high shares of fossil electricity. Only for the future 2030 scenario we assume that a substantial
solar manufacturing can be established in Europe and the emission factor decreases to 480 kg CO2eq./kWp
[I7]. For battery manufacturing, in a worst case assumption 106 kg CO2eq./kW are taken from [I8]. For the
heating components, Naumann et al. [I9] perform a [life cycle assessment (LCA)| analysis between air source
heat pumps and condensing [GBp. For an air source heat pump the study estimates life cycle emissions of 24.4
gCO02eq./MJ of heat of which 3% can be assigned to manufacturing. With the total energy supplied over 20
years of operation and an output size of 5 kW, of the heat pump, also taken from [19], the emission factor is cal-
culated to 163 kg CO2eq./kWp. For the no relevant emissions during manufacturing are taken into account
[19]. The emission factor for inverters is calculated from the solar only case in Krebs et al. [20]. By divid-
ing the manufacturing related emission factor of a component by its service life a yearly factor can be calculated.
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3. Rolling horizon procedure
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Figure 2: Visualization of the rolling horizon method with predictions that is used to find a lower threshold for the optimal solution.

Table 1: Prediction methods used for the rolling horizon approach.

Time series prediction method assumption

electricity demand same hour last week typically the electricity consumption is similar on the same weekdays
thermal demand same hour last day corresponds to air temperature which might change within a few days
|electric vehicle (EV)|demand same hour last week typically the driving schedule is similar on the same weekdays

solar irradiation same hour last day usually the weather can change within a few days

air temperature same hour last day usually the weather can change within a few days




4. Modelling data

Table 2: Used input profile data.

The data is resampled to meet the required resolution of 15 min for the optimization.

Type Origin Resolution Year Description Reference
real life measurements of 77
electricity consumption measured Imin 2010 typical households at TU 22)
Berlin, profile 17
generated ~ with  synPro
. . . demand generator of Fraun-
and consumptlon generated 15min generic | " "ISE with Energy 23]
Charts
electricity prices (Day Ahead Auction) stock exchange 1h 2023 provided by Fraunhofer ISE
average values for Germany
irradiance generated 1h 2019  generated  with  renew- [25][26][27]
ables.ninja
. test reference years (TRY)
temperature measured 1h generic by DWD 28]
. . . internal simulation tool at
consumption generated 1min generic  yop A RWTH Aachen 29]
equivalent emissions electricity grid generated 1h 2019 provided by Agorameter [30)

Table 3: Overview of modeled components that are relevant for the household topologies that are illustrated in Figure 77. All
prices indicated are exclusive of value added tax (VAT) and subsidies.

Generating and conversion components

Invest.

Fixed Service Efficiency

Emission factor

Component  Year OPEX life  %° (one way) (kg CO2-cq./kw) ~ Teferences
Esystcm 2020 1005  €/kWp
excl. inverter) 2021 948 €/kWp o . China: 810
2022 1048 €/1kWp 1.0% 32a 8.7/13.7 kWp  variable China: 810 213111321 133) M [17)
2023 1048 €/kWp China: 810
2030 856 €/kWp EU: 480
air source 2020 1856  €/kWu,
2021 1830 €/kWy, var. COP
202 1811 €/kw,, Sh 202 (0,30 KWun e 3.9) 163 |z/134/32118]135. 19)
2023 1803 €/kWyp
2030 975 €/KW,
all 175 €/kWy, 39% 20a [0,30] kWi, 96 % Not considered 351 [36] [32 [37) [19)
electric all 40 €/kWy,  20% 20a [0,20] kW 98 % Not considered [141137)
inverter all 150 €/kWp 1.0% 15a 8.7/13.7TkW 97 % 75 [6] 1381 [39) 0] |1] 20 42]
inverter battery  all 100 €/kW 1.0% 15a 4.7 kW 95 % 75 [6] 138 139 40] [43] 44] 20 42)
Storage components
Component Year Invest. Fixed  Service Size Round-trip E2P Emission factor References
p Costs OPEX life “ efficiency ratio (kg CO2-eq./kWh)
(HSS 2020 980 €/kWh
excl. inverter) 2021 870 €/kWh o o
2022 1147 €/kWh 1.0% 15a 9.4 kWh 96 % 2h 106 [44) 1) 18] [42]
2023 1147 €/kWh
2030 627 €/kWh
thermal 2020 35 €/kWhyy,
storage 2021 34 €/kWhyy, o o .
combined 2022 33 €/kWhy, 0.0 % 30 a 25 kWh 98 % 0.25 h  Not considered [B1113]137)
2023 32 €/kWhyp
2030 23 €/kWhyy,




5. Evaluation of additional key performance indicator (KPI)s
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Figure 3: [self-consumption index (SCI)|that is reached for different renewable topologies. For selected years*, variable instead
of fixed electricity tariffs are applied.
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Figure 4: [self-sufficiency index (SSI)| that is reached for different renewable topologies. For selected years*, variable instead
of fixed electricity tariffs are applied.
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Figure 5: [capital expenditure (CAPEX)| for different renewable topologies. For selected years*, variable instead of fixed
electricity tariffs are applied.
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(b) Variation of years of construction of a building, for a three-person household.

Figure 6: [operational expenditure (OPEX)| for different renewable topologies. For selected years*, variable instead of fixed
electricity tariffs are applied.
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Figure 7: Savings that can be achieved for different topologies, compared to a standard fossil household utilizing
for heating purposes. For selected years™, variable instead of fixed electricity tariffs are applied.
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Figure 8: Equivalent COg2 reductions per kWh of consumed energy that can be achieved for different topologies, compared to
a standard fossil household utilizingm for heating purposes. For selected years*, variable instead of fixed electricity tariffs are
applied.

6. Source data
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Source data Figure 2a

H1-PV

2020 2021 2022 2023 2030 2023* 2030*

1 person 362.71 26398 163.98 44375 14235 301.80 137.11

2 person 52433 44077 397.79 688.17 259.48 45410 249.12

3 person (Ref.) 60561 529.69 51538 811.10 31839 530.18 305.01

4 Person 694.69 62713 64425 94581 38294 613.10 365.88

5 Person 77502 71500 760.45 1067.29 44115 687.46 420.42

6 Person 85810  805.88 880.64 1192.93 50136 763.94 476.45
H3-PV-HP

2020 2021 2022 2023 2030 2023* 2030*

1 person 71472 -501.00 145832 674.40 16153 1075.57 151.15

2 person 587.70  -357.30 1686.68 886.75 272.64 1230.35 25501

_ |3 person (Ref.) 50252 -260.34 184822 1027.71 357.75 1348.56 336.17

S |aperson 39374 -139.87 203346 1194.76 466.05 1489.93 440.48

S |5 Person 29199  -2522 2209.41 1353.84 569.96 1625.97 539.70

£ |6 Person -187.43  90.35 2389.61 1514.68 677.23 1760.65 638.86
. H2-PV-HSS

> 2020 2021 2022 2023 2030 2023* 2030*

% [t person 508,53 -547.54 -880.68 -370.19 -475.23 -616.22 -465.37

S |2 person 31816  -238.60 -468.84  59.54 -272.30 -332.53 -255.75

3 person (Ref.) [187.50  -94.67 -276.93  259.95 -177.44 -201.20 -158.52

4 Person 5632  49.98 -84.14 46079 -82.51 -70.50 -62.03

5 Person 5058 16756  72.05 62433 -530 3533 16.14

6 Person 152.85  279.83 22163 780.66 69.16 13529 89.63
H4-PV-HSS-HP

2020 2021 2022 2023 2030 2023* 2030*

1 person 1171949 -1363.57 328.28 -226.66 -493.27 107.85 -494.22

2 person 11541.32 -1162.87 637.08  68.66 -344.31 322.00 -345.27

3 person (Ref.) 1142972 -1037.31  838.66 250.71 -240.21 468.52 -242.37

4 Person 11295.96  -887.23 1063.53 459.41 -112.97 638.65 -114.87

5 Person 1117504 -751.54 1268.51 64818 434 79711  0.69

6 Person 1105813 62108 1469.69 830.26 120.90 949.30 114.06
Source data Figure 2b
H3-PV-HP

2020 2021 2022 2023 2030 2023* 2030*

built <1979 74548  -457.91 1963.85 967.10 307.98 1405.03 282.22

. |built1979-1990 (Ref)  -502.52 -260.34 184822 1027.71 357.75 134856 336.17

S |built 1991-2000 28504  -8477 173313 107526 400.81 1292.18 382.30

> |buitt 2001-2008 231.54 32187 1394.66 114350 484.92 111137 472.51

£ |built >2008 586.47  590.39 1080.13 113312 52071 938.15 508.82
& Ha-PV-HSS-HP

2 2020 2021 2022 2023 2030 2023* 2030*

% [built <1979 11686.24 -1249.44 93527  169.60 -301.15 510.55 -307.62

S |built 1979-1990 (Ref.)  -1429.72 -1037.31  838.66 250.71 -240.21 468.52 -242.37

built 1991-2000 1119600 -843.88 74572 321.40 -186.12 430.43 -182.90

built 2001-2008 62635 -378.84 47571 46401 -62.47 30530 -50.54

built >2008 22509 6044 22810 52503 8.48 180.28 2539




Source data Figure 3

cost savings in € / year

H2-PV-  H3_PV- H4-PV-
H1-PV -
HSS HP HSS-HP
with price breaks 811.10 259.95 1027.71  250.71
without price breaks 936.62 488.59 1712.37 993.49
Source data Figure 4a
H1-PV

2020 2021 2022 2023 2030 2023* 2030*
1 person 107.54 120.20 123.43  123.43 31.12 12346 31.13
2 person 88.67 99.21 101.90 101.90 25.32 101.95 25.34
3 person (Ref.) 79.48 88.98 91.41 91.41 22.52 9147 22.54
4 Person 70.41 78.89 81.05 81.05 19.75 81.12 19.78
5 Person 62.82 70.44 72.38 72.38 17.45 7246 17.48
6 Person 55.62 62.43 64.17 64.17 15.26 64.25 15.30

H3-PV-HP
§ 2020 2021 2022 2023 2030 2023* 2030*
Zh person 285.62 289.71 281.67 278.90 263.10 281.32 262.80
g 2 person 259.71 263.21  255.53 252,93 244.70 254.96 244.50
Z |3 person (Ref.) 247.38 250.56  242.89 240.39 236.21 242.30 236.06
‘;" 4 Person 234.83 237.69  230.09 227.63 227.41 229.49 227.29
é 5 Person 224.20 226.78 219.35 216.92 21991 218.64 219.81
-% 6 Person 213.82 216.13 208.86 206.49 212.43 208.08 212.35

3 H2-PV-HSS
q;’ 2020 2021 2022 2023 2030 2023* 2030*
2 |1 person 83.44 93.91 96.56 96.56 20.70 96.63 20.71
é 2 person 57.85 65.47 67.41 67.40 1296 67.48 12.98
g 3 person (Ref.) 47.12 53.52 55.15 55.12 9.77 55.21 9.80
S |4 person 37.49 42.75 44.08 44.08 6.95 44.19 6.97
8" 5 Person 30.30 34.73 35.85 35.82 489 3595 4.90
6 Person 23.99 27.70 28.61 28.56 3.07 28.74 3.11

H4-PV-HSS-HP

2020 2021 2022 2023 2030 2023* 2030*
1 person 268.46 274.53  267.50 264.61 255.13 265.04 255.10
2 person 240.43 244,89  237.92 235.21 236.19 235.63 236.16
3 person (Ref.) 227.39 231.16  224.15 221.50 227.61 221.94 227.60
4 Person 214.30 217.39 210.42 207.85 218.75 208.24 218.74
5 Person 203.69 206.22  199.27 196.77 211.32 197.08 211.34
6 Person 193.67 195.68 188.86 186.42 204.07 186.71 204.06




Source data Figure 4b

- H3-PV-HP
= 2020 2021 2022 2023 2030 2023* 2030%
= |built<1979 209.60  209.54 202.25 199.91 228.78 199.12 228.57
2 |built 1979-1990 (Ref.) 222.63  223.62 216.50 214.35 228.81 214.14 228.54
> |built 1991-2000 237.82 23991 232.81 230.72 228.85 231.57 228.48
§ built 2001-2008 304.17 309.71 302.51 300.90 228.93 307.62 228.10
é = [built >2008 430.27 44598 442.86 44236 229.27 453.30 227.63
o 2 H4-PV-HSS-HP
5 2020 2021 2022 2023 2030 2023* 2030%
é built <1979 204.46  205.48 198.43 19596 225.07 194.16 224.80
o |built 1979-1990 (Ref.) 216.70 21955 213.22 210.84 224.60 209.01 224.31
§ built 1991-2000 230.95  235.89 230.38 228.08 224.04 226.24 223.74
& |built 2001-2008 293.66  307.04 304.91 302.97 221.47 302.04 221.15
®  |built >2008 41134  443.48 447.75 44654 21634 446.11 216.21
Source data Figure 5a
2020 2021 2022 2023 2030
© |H1(8.7 kWh) 605.61  529.69 515.38 811.10 318.39
Z [H1 (13.7 kwh) 683.42  541.89 428.72 747.57 280.55
“ H2 (8.7 kwh) -187.50  -94.67 -276.93  259.95 -177.44
v |H2 (213.7 kwh) -68.66  -37.46 -303.43  283.87 -180.77
S |H3 (8.7 kwh) -502.52  -260.34 1848.22 1027.71 357.75
& |H3(13.7 kwh) 29528  -102.21 1964.04 1214.72 420.90
g |H4 (8.7 kwh) -1429.72 -1037.31 838.66 250.71 -240.21
H4 (13.7 kWh) -1134.13  -783.55 1079.74 583.92 -108.33
Source data Figure 5b
5 2020 2021 2022 2023 2030
_ Z|H1@7kwh) 132.23 14739 151.26 151.26 39.50
o5 H1 (13.7 kWh) 208.22  232.10 23819 238.19 62.20
£ X|H2 (8.7 kwh) 127.91 14261 14636 146.36 38.11
3 fH2 (13.7 kwh) 203.45  226.82 23278 232.78 60.66
8 "2 |H3 (8.7 kwh) 22439 22539 21836 216.25 230.74
5 .S |H3 (13.7 kwh) 298.80  304.11 299.41 297.53 252.88
é H4 (8.7 kWh) 221.90 224.77 21852 216.18 229.96
@ IH4 (13.7 kWh) 296.02  305.25 301.25 299.17 252.07
Source data Figure 5c¢
2020 2021 2022 2023 2030
c |H1 605.61  529.69 515.38 811.10 318.39
Z [H1+EV 690.92  623.01 63879 940.11 380.21
¥ IH2 -187.50  -94.67 -276.93  259.95 -177.44
w |H2+EV 63.75  183.46  95.87 64833  4.55
< |H3 -502.52 -260.34 1848.22 1027.71 357.75
S |H3+EV -436.49  -188.27 1944.40 1128.16 405.62
g |H4 -1429.72 -1037.31 838.66 250.71 -240.21
H4 + EV -1245.55  -833.28 1112.08 536.49 -105.33




Source data Figure 5d

cost savings in

€ [ year

IR 2% (default)
IR 3%
IR 4%
IR 5%

H1

811.10
732.08
651.30
568.81

H2
259.95
107.23
-48.14
-206.22

H3
1027.71
892.83
751.84
607.70

H4
250.71
43.35
-170.90
-388.96
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